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FOREWORD 

T h i s  r e p o r t  w a s  p r e p a r e d  by R o b e r t  W.  Benson and  
A s s o c i a t e s ,  I n c . ,  N a s h v i l l e ,  Tennessee ,  unde r  NASA 
C o n t r a c t  No. NAS8-20208. The C o n t r a c t  w a s  i n i t i a t e d  by  
t h e  P r o p u l s i o n  and  V e h i c l e  E n g i n e e r i n g  L a b o r a t o r y ,  M a -  
t e r ia l s  D i v i s i o n  of t h e  George  c. M a r s h a l l  Space F l i g h t  
C e n t e r .  The work w a s  a d m i n i s t e r e d  u n d e r  t h e  d i r e c t i o n  
of M r .  W .  N .  C l o t f e l t e r .  T h i s  r e p o r t  i n c l u d e s  work 
pe r fo rmed  d u r i n g  t h e  p e r i o d  9 J u l y  1965 t h r o u g h  8 J u l y  
1966. 

The work w a s  unde r  t h e  g e n e r a l  d i r e c t i o n  of D r .  
R .  W .  Benson. M r .  J .  Ronald Chapman a n d  M r .  Ha ro ld  F. 
Huffman c a r r i e d  o u t  most of t h e  u l t r a s o n i c  stress 
measurements .  The e l e c t r o m a g n e t i c  measurements  w e r e  
unde r  t h e  s u p e r v i s i o n  of M r .  Samuel H .  P e a r s a l l .  Tech- 
n i c a l  a s s i s t a n c e  w a s  p r o v i d e d  by M r .  J .  L. H o l l a d a y ,  
M r .  R i c h a r d  T. Lee  and M r .  C h a r l e s  P h i f e r .  
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ABSTRACT 

The measurement of r e s i d u a l  stress i n  s t r u c t u r e s  i s  
n e c e s s a r y  t o  a s s u r e  s a t i s f a c t o r y  p e r f o r m a n c e  f r o m  t h e  m a -  
t e r i a l  s e l e c t e d .  P r e m a t u r e  f a i l u r e  of  a s t r u c t u r e  i s  o f -  
t e n  c a u s e d  by t h e  l a c k  of knowledge o f  r e s i d u a l  stresses 
s i n c e  t h e  d e s i g n  c a n  o n l y  accoun t  f o r  t h e  super imposed  
loads d u e  t o  e x t e r n a l f o r c e s -  The present  program has 
been  conce rned  w i t h  t h e  development  of  n o n d e s t r u c t i v e  
methods  of stress a n a l y s i s  s u i t a b l e  f o r  f i e l d  applica- 
t i o n  on a c t u a l  metal l ic  s t r u c t u r e s .  Methods of p r o -  
v i d i n g  a measurement due  t o  u n i a x i a l  l o a d s  a n d  d u e  t o  
b e n d i n g  momemts are d e s c r i b e d  i n  t h i s  r e p o r t .  E x p e r i -  
m e n t a l  d a t a  is  g i v e n  showing t h e  r e l a t i o n s h i p  between 
u l t r a s o n i c  wave p r o p a g a t i o n  a n d  a c t u a l  stresses. The 
t e c h n i q u e s  are d e m o n s t r a t e d  under  l a b o r a t o r y  c o n d i t i o n s  
w i t h  practical  stress d i s t r i b u t i o n s  t h a t  c a n  be e n c o u n t e r e d .  

A d d i t i o n a l  e f fo r t  w a s  concerned  w i t h  t h e  d e t e c t i o n  of 
damage t o  m e t a l s  by  b o t h  f a t i g u e  a n d  stress c o r r o s i o n .  
The measurements  i n c l u d e d  u l t r a s o n i c  wave a t t e n u a t i o n ,  
e l e c t r o m a g n e t i c  r e s i s t i v i t y  and mechan ica l  i n t e r n a l  f r i c -  
t i o n .  A l l  t h r e e  methods show a c a p a b i l i t y  of d e t e c t i n g  
t h e  o n s e t  of f a i lu re  b y  f a t i g u e  o r  stress c o r r o s i o n  b u t  
w i t h  t h e  p r e s e n t  t e c h n i q u e s  a r e  i n s u f f i c i e n t l y  a c c u r a t e  
t o  p r o v i d e  a n  i n s p e c t i o n  c r i t e r i a .  R e f i n e m e n t s  of t h e  
methods  are p o s s i b l e  and  may l e a d  t o  a s u c c e s s f u l  method 
of measurement .  
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I .  INTRODUCTION 

I n h e r e n t  i n  a p h y s i c a l  s t r u c t u r e ,  t h e r e  are stresses 
due t o  machining p r o c e s s e s  a n d  due t o  t h e  assembly  of t h e  
parts w i t h i n  t h e  s t r u c t u r e .  The  r e s u l t  i s  an  unknown 
s ta te  f o r  t h e  materials used  w h i c h  affects  t h e  per form-  
a n c e  of  t h e  s t r u c t u r e .  I n  o r d e r  t o  d e s i g n  a p a r t i c u l a r  
s t r u c t u r e  f o r  minimum we igh t  i t  is  necessary t o  know t h e  
exact e f f ec t s  of  machin ing  a n d  f a b r i c a t i n g  p r o c e s s e s  
which i n t r o d u c e  stresses i n  a s t r u c t u r e .  S i n c e  t h e  exact 
magni tude  of t h e  stress w i l l  change f rom s t r u c t u r e  t o  
s t r u c t u r e ,  i t  is n e c e s s a r y  t h a t  t h e  method of examina-  
t i o n  be n o n d e s t r u c t i v e  i n  n a t u r e  s o  t h a t  a p a r t i c u l a r  
s t r u c t u r e  may be examined tho rough ly .  The p r e s e n t  p r o -  
gram w a s  i n i t i a t e d  t o  d e v e l o p  n o n d e s t r u c t i v e  methods 
f o r  t h e  measurement of  stress d i s t r i b u t i o n s  i n  p rac t ica l  
s t r u c t u r e s .  The methods t o  be deve loped  shou ld  b e  c a p a b l e  
of b e i n g  a p p l i e d  i n  t h e  f i e l d  and shou ld  r e s u l t  i n  a quan- 
t i t a t i v e  d e t e r m i n a t i o n  of t h o s e  stresses which may affect  
s t r u c t u r a l  i n t e g r i t y .  

I n  t h e  past i t  w a s  p o s s i b l e  t o  c o n s t r u c t  models of 
p a r t i c u l a r  s t r u c t u r e s  u s i n g  a n  o p t i c a l l y  t r a n s p a r e n t  m a -  
t e r i a l  which cou ld  be a n a l y z e d  by p h o t o e l a s t i c  methods and 
would a l l o w  f o r  t h e  s t u d y  and e l i m i n a t i o n  of stress con-  
c e n t r a t i o n s .  These  s t u d i e s  nave been l i m i t e d  t o  t h o s e  
stresses w h i c h  are  due t o  assembly o r  due t o  external  
l o a d i n g  rather t h a n  s t resses  r e s u l t i n g  f rom t h e  p r o c e s s i n g  
of materials due  t o  t h e  n e c e s s i t y  of s u b s t i t u t i o n  of a n  
o p t i c a l l y  t ransparent  material f o r  a c t u a l  metall ic m a -  
t e r i a l s .  These o p t i c a l  methods have  been supplemented by 
more modern methods i n v o l v i n g  t h e  u s e  of v a r i o u s  s t r a i n  
s e n s i t i v e  d e v i c e s  such  as  e l e c t r i c a l  s t r a i n  gauges  and 
b r i t t l e  c o a t i n g s  which show changes i n  s t r a i n .  I n  

-1- 



a d d i t i o n ,  p r o c e d u r e s  are  a v a i l a b l e  where a p h o t o e l a s t i c  
material i s  bonded t o  a meta l l ic  s t r u c t u r e  and  a g a i n  t h e  
s t r a i n  a t  a s u r f a c e  may be o b t a i n e d .  U n f o r t u n a t e l y ,  a l l  
of  t h e s e  methods are l i m i t e d  t o  a p p l i c a t i o n  a f t e r  t h e  
basic machin ing  p r o c e s s e s  have  been  c o m p l e t e d ,  F u r t h e r -  
more ,  t h o s e  methods of  a n a l y s i s  which a p p l y  t o  m e t a l s  
are l i m i t e d  t o  measurement of s t r a i n  r a t h e r  t h a n  stress 
a n d  t h e r e f o r e  do  n o t  d e f i n e  t h e  c o m p l e t e  s t a t e  of t h e  
m a t e r i a l .  

The u l t r a s o n i c  method o f  s t ress  a n a l y s i s '  h a s  been  
b a s e d  upon t h e  p h o t o e l a s t i c  method and  is  similar i n  n a t u r e  
w i t h  t h e  e x c e p t i o n  t h a t  t r a n s v e r s e  u l t r a s o n i c  waves are  
s u b s t i t u t e d  for p o l a r i z e d  l i g h t  waves. The u l t r a s o n i c  
method h a s  t h e  a d v a n t a g e  t h a t  t h e  waves p r o p a g a t e  e a s i l y  
i n  metal l ic  materials which a r e  used  f o r  most  s t r u c t u r e s .  
F u r t h e r m o r e ,  t h e  u l t r a s o n i c  method h a s  t h e  a d d i t i o n a l  a d -  
v a n t a g e  t h a t  s e v e r a l  forms o f  wave p r o p a g a t i o n  are a v a i l -  
able  which c a n  a l l o w  f o r  a more tho rough  a n a l y s i s  of  com- 
p lex  g e o m e t r i c a l  s t r u c t u r e s .  The f r e q u e n c y  of t h e  u l t r a s o n i c  
wave may be v a r i e d  o v e r  wide  r a n g e s  which a l l o w s  f o r  a d d i -  
t i o n a l  i n f o r m a t i o n  o v e r  t h a t  which c o u l d  be o b t a i n e d  b y  op- 
t i c a l  methods .  

The exact s t a t e  of  a s t r u c t u r e  is d e t e r m i n e d  n o t  o n l y  
b y  t h e  a c t u a l  stress d i s t r i b u t i o n s  t h a t  ex i s t  b u t  a l s o  is  
a f f e c t e d  by the h l s t o r y  =f t h e  f 3 r m i r ? g  p r o c e s s e s  which 
h a v e  been  u s e d .  Materials may f a i l  b y  s u c h  processes as 
f a t i g u e  when t h e y  have  been s u b j e c t e d  t o  r e p e a t e d  c y c l i n g  
a t  levels  of  stress be low t h a t  which would c a u s e  f a i l u r e  
upon a p p l i c a t i o n  of a n  i n i t i a l  l o a d .  I t  h a s  t h e r e f o r e  
been  d e s i r a b l e  t o  g i v e  a t t e n t i o n  t o  methods  of measurement 
which migh t  c o r r e l a t e  w i t h  t h e  state of t h e  material  f o r  
a s p e c i m e n  which h a s  b e e n  s u b j e c t e d  t o  r e p e a t e d  c y c l i n g  

l t T J l t r a s o n i c  Stress A n a l y s i s , "  Robert W .  Benson,  
U l t r a s o n i c  N e w s ,  S p r i n g ,  1962.  
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s u c h  as may occur  d u r i n g  i n i t i a l  t e s t i n g  of a s t r u c t u r e  
b e f o r e  a c t u a l  u s e .  A d d i t i o n a l  a s p e c t s  wh ich  have  been 
i n v e s t i g a t e d  are due t o  a combina t ion  of s t ress  and t h e  
a tmosphe re  t o  which t h e  s t r u c t u r e  h a s  been s u b j e c t e d .  One 
of t h e  most i m p o r t a n t  types of f a i l u r e  is  t h a t  of s tress 
c o r r o s i o n  which is  caused  by c o r r o s i v e  a tmosphe res  w h i l e  
t h e  s t r u c t u r e  i s  under  a s ta te  of stress. S i n c e  a l l  of 
t hese  f a c t o r s  a f fec t  t h e  p o s s i b l e  f a i l u r e  of a g i v e n  
s t r u c t u r e  i t  is  d e s i r a b l e  t o  be able t o  p r o v i d e  as com- 
p l e t e  a measure of t h e  s ta te  of t h e  s t r u c t u r e  as i s  
p o s s i b l e .  The c u r r e n t  program h a s  t h e r e f o r e  emphasized 
n o t  o n l y  stress a n a l y s i s  b u t  measurements which may l e a d  
t o  a p r e d i c t i o n  of p o s s i b l e  f a i l u r e  by e i t h e r  f a t i g u e  or 
stress c o r r o s i o n .  

11. SELECTION O F  EXPERIMENTAL METHODS 
I 

A.  L i m i t a t i o n s  i n  t h e  C o r r e l a t i o n  of D e s t r u c t i v e  and Non- 
D e s t r u c t i v e  Stress A n a l y s i s  Methods 

A major  o b j e c t i v e  of t h e  program i s  t o  d e v e l o p  methods 
of measur ing  r e s i d u a l  stress. R e s i d u a l  stress may be de -  
f i n e d  as t h o s e  f o r c e s  i n  a m a t e r i a l  which are  due  t o  t h e  
basic machining and f ab r i ca t ing  p r o c e s s e s  r a t h e r  t h a n  due  
t o  l o a d s  which are a p p l i e d  d u r i n g  u s e .  I t  t h e r e f o r e  may 
a p p e a r  t h a t  major  emphas is  should  be d i r e c t e d  toward t h e  
s t u d y  of materials which have  been f a b r i c a t e d  by many d i f -  
f e r e n t  p r o c e s s e s  i n  a n  a t t e m p t  t o  d e t e r m i n e  t h o s e  stresses 
which are due  t o  each  type of machining p r o c e s s e s .  Such 
a n  a p p r o a c h  h a s  t h e  i n h e r e n t  l i m i t a t i o n  t h a t  i t  i s  n e c e s s a r y  
t o  c o r r e l a t e  t h e  method under  s t u d y  w i t h  some o t h e r  method 
which i s  a v a i l a b l e  t h a t  g i v e s  a more p r e c i s e  a n a l y s i s .  By 
t h i s  t e c h n i q u e  i t  would be p o s s i b l e  t o  e v a l u a t e  n o n d e s t r u c -  
t i v e  methods under  development  a g a i n s t  d e s t r u c t i v e  methods 
which are n o t  s u i t a b l e  for f i e l d  a p p l i c a t i o n .  The re  are a 
number of d e s t r u c t i v e  methods a v a i l a b l e  such  as t h e  a p p l i c a -  
t i o n  of  s t r a i n  measur ing  d e v i c e s  t o  a g i v e n  par t  of a s t r u c -  
t u r e  and  t h e  s u b s e q u e n t  removal of p o r t i o n s  of  t h e  material 
which p r o v i d e  stress r e l i e f .  T h e s e  methods have  been used  
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e x t e n s i v e l y  b u t  are s u b j e c t  t o  t h e  l i m i t a t i o n  t h a t  most  p r o -  
cesses f o r  p r o v i d i n g  stress relief a l s o  h a v e  t h e  p o s s i b i l i t y  
of i n t r o d u c i n g  a d d i t i o n a l  stresses. An e x c e p t i o n  i s  t h e  u s e  
of  c h e m i c a l  e t c h i n g  which h a s  a n  a d d i t i o n a l  l i m i t a t i o n  of 
d e s t r o y i n g  most types of s t r a in  s e n s o r s .  

S i n c e  t h e  o b j e c t i v e  of t h i s  p rogram w a s  t o  d e v e l o p  
stress y e a s u r i n g  t e c h n i q u e s  r a t h e r  t h a n  a n  e v a l u a t i o n  o f  
mach in ing  p r o c e s s e s ,  i t  w a s  f e l t  t h a t  a more c o n t r o l l e d  
s e t  of  c o n d i t i o n s  would be d e s i r a b l e .  For  t h i s  r e a s o n , m o s t  
of t h e  measurements  have  been  made on s t r u c t u r a l  m e m b e r s  
which h a v e  been  s u b j e c t e d  t o  e x t e r n a l  l o a d i n g  r a t h e r  t h a n  
t h o s e  which may be d u e  t o  machining p r o c e s s e s .  Any method 
t h a t  i s  capable of measu r ing  r e s i d u a l  stresses s h o u l d  a l s o  
be capable of measu r ing  t h o s e  stresses d u e  t o  e x t e r n a l  l o a d -  
i n g .  I t  is  p o s s i b l e  t o  b u i l d  l o a d i n g  frames which w i l l  sub-  
j e c t  a g i v e n  s t r u c t u r a l  m e m b e r  t o  complex f o r c e s  p r o d u c i n g  
a r e su l t  s i m i l a r  t o  t h o s e  which may be e n c o u n t e r e d  when t h e  
stress is of a r e s i d u a l  n a t u r e .  Wi th  t h e s e  l o a d i n g  frames 
i t  is  poss ib le  t o  v a r y  t h e  magni tude  of t h e  stress and y e t  
p r o v i d e  for d i r e c t  measurements  of t h e  exact stress d i s t r i -  
b u t i o n s .  When a stress is s u c c e s s f u l l y  measured  i t  is un- 
i m p o r t a n t  as t o  why t h e  s t ress  o c c u r e d  w h e t h e r  i t  be d u e  t o  
mach in ing  p r o c e s s e s  o r  e x t e r n a l  l o a d i n g .  I n  a d d i t i o n ,  a n  
i m p o r t a n t  k ind  o f  r e s i d u a l  s t r e s s  i s  due  t o  t h e  i n c o r p o r a t i o n  
of a s t r u c t u r a l  m e m b e r  w i t h i n  a c o m p l e t e  s t r u c t u r e  and  s u c h  
s t resses  sa:: e a s i l y  be simulated w i t h i n  s u i t a b l y  d e s i g n e d  
l o a d i n g  frames. 

B. Development of U l t r a s o n i c  T e c h n i q u e s  
/ t o  Measure  Appl ied  Stress  

A t  t h e  b e g i n n i n g  of t h i s  p rog ram,  s e v e r a l  r e p o r t s  con-  
c e r n i n g  u l t r a s o n i c  stress a n a l y s i s  had a l r e a d y  been  i s s u e d .  
These  r e p o r t s  w e r e  ma in ly  concerned  a b o u t  t h e  basic t e c h n i q u e  
which shows a r e l a t i o n s h i p  between t h e  c h a n g e  i n  v e l o c i t y  of  
p r o p a g a t i o n  of u l t r a s o n i c  waves and t h e  state of  stress i n  
v a r i o u s  m e t a l s .  The i n i t i a l  e x p e r i m e n t s  w e r e  s i m i x a r  i n  na-  
t u r e  t o  p h o t o e l a s t i c  s t u d i e s  f o r  which t h e  s t a t e  of polar iza-  
t i o n  of a n  u l t r a s o n i c  s h e a r  wave w a s  measured as a f u n c t i o n  
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of s t ress .  The measurements  i n c l u d e d  a s t u d y  of  t h e  e f f ec t  
of  t h e  u l t r a s o n i c  f r e q u e n c y  and  d e m o n s t r a t e d  t h a t  t h e  method 
p r o v i d e s  a t r u e  measure  of stress r a t h e r  t h a n  s t r a i n .  The 
i n i t i a l  measurements  w e r e  l i m i t e d  t o  u s e  unde r  c o n t r o l l e d  
l a b o r a t o r y  c o n d i t i o n s  and w e r e  of l i t t l e  p rac t i ca l  v a l u e  f o r  
u s e  u n d e r  f i e l d  c o n d i t i o n s .  

S i n c e  t h e  basic method of u l t r a s o n i c  stress a n a l y s i s  
h a s  been  c l e a r l y  d e m o n s t r a t e d ,  t h e  major  e f f o r t  w a s  conce rned  
w i t h  d e v e l o p i n g  t e c h n i q u e s  which would a l l o w  f o r  f i e l d  a p p l i -  
c a t i o n s .  A number of a p p r o a c h e s  were e x p l o r e d  d u r i n g  t h e  
i n i t i a l  p e r i o d  of  t h e  c o n t r a c t  and t h o s e  which a p p e a r e d  most 
p r o m i s i n g  w e r e  g i v e n  more thorough development  as t h e  c o n t r a c t  
p r o g r e s s e d .  

The most  simple stress t h a t  c a n  be e n c o u n t e r e d  is  t h a t  
due  t o  u n i f o r m  u n i a x i a l  l o a d i n g  of a m e m b e r .  The method 
o f  a n a l y s i s  i s  s i m p l e  i n  p r i n c i p l e  and  i s  o n l y  c o m p l i c a t e d  
by  f a c t o r s  c o n c e r n i n g  f i e l d  u s e .  The u l t r a s o n i c  waves which 
are g e n e r a t e d  are d e r i v e d  f r o m  q u a r t z  c r y s t a l s  v i b r a t i n g  i n  
s h e a r  which must be c o u p l e d  t o  t h e  s u r f a c e  of a sample unde r  
s t u d y .  For  l a b o r a t o r y  measurements ,  t h e  c r y s t a l s  may be 
waxed on t o  t h e  s u r f a c e  i n  a m a n n e r  which a s s u r e s  good s i g n a l  
l e v e l s  and c o n s i s t e n t  r e s u l t s .  For t h i s  r e a s o n  t h e  basic 
methods  were f i r s t  s e l e c t e d  t o  be s t u d i e d  unde r  i d e a l  repeat- 
able  l a b o r a t o r y  c o n d i t i o n s .  A l l  p o s s i b l e  methods w e r e  
s t u d i e d  b e c a u s e  of p o s s i b l e  meri ts  of  one  p a r t i c u l a r  method 
o v e r  o t h e r s  when t h e  problem of f i e l d  c o u p l i n g  of c r y s t a l s  
i s  i n t r o d u c e d .  V a r i a t i o n s  of two basic methods have  been 
s t u d i e d  e x t e n s i v e l y ;  a d e t e m i n a t i o n  of  t h e  a n g l e  of p o l a r i -  
z a t i o n  of  a n  u l t r a s o n i c  s h e a r  wave and t h e  r e l a t i v e  v e l o c i t i e s  
of two s h e a r  waves p r o p a g a t i n g  a l o n g  t h e  major  axes of stress. 
The f i r s t  of t h e s e  methods is dependen t  upon t h e  measurement 
o f  t h e  r e l a t i v e  a m p l i t u d e  which is s u b j e c t  t o  c o n s i d e r a b l e  
v a r i a t i o n  w i t h  t h e  bond ing  of  c r y s t a l s  t o  t h e  sample. The 
second  method measu res  t h e  r e l a t i v e  t i m e  t o  t r a v e r s e  a sample 
and  i s  i n d e p e n d e n t  of a m p l i t u d e  t h u s  making i t  more s u i t a b l e  
f o r  p o s s i b l e  f i e l d  app l i ca t ions .  These  p a r t i c u l a r  measure-  
ments  are  d e s c r i b e d  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n  of  t h i s  re- 
p o r t .  

The n e x t  most complex stress t h a t  i s  e n c o u n t e r e d  i s  t h a t  
d u e  t o  b e n d i n g  moments such as are i n t r o d u c e d  i n  t h e  f o r m a t i o n  
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of c y l i n d r i c a l  s u r f a c e s .  If  t h e  above  t e c h n i q u e s  are  used  
i t  is  found  t h a t  t h e  a v e r a g e  stress e n c o u n t e r e d  i n  t ra -  
v e r s i n g  t h e  t h i c k n e s s  of a specimen i s  n e a r  z e r o  s i n c e  t h e r e  
i s  o r d i n a r i l y  a maximum t e n s i l e  stress n e a r  one s u r f a c e  and  
a maximum c o m p r e s s i v e  stress n e a r  t h e  o t h e r  s u r f a c e .  Since 
t h e  u l t r a s o n i c  wave p r o p a g a t e s  t h r o u g h  b o t h  t e n s i o n  and  com- 
p r e s s i o n  t h e  e f fec ts  n u l l i f y  each  o t h e r  i n d i c a t i n g  a n  a v e r a g e  
stress n e a r  z e r o .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  se lec t  methods 
of s t u d y  which i n v o l v e  a p o r t i o n  of t h e  material  unde r  con-  
s t a n t  stress. The u l t r a s o n i c  s u r f a c e  wave i s  i d e a l  f rom 
t h i s  v i ew p o i n t  s i n c e  i t  a l s o  is  a t r a n s v e r s e  wave and may 
be c a u s e d  t o  p r o p a g a t e  n e a r  t h e  s u r f a c e  t o  a d e p t h  of pene-  
t r a t i o n  dependen t  upon wave l e n g t h .  Another  f o r m  of i n s p e c -  
t i o n  t h a t  is p o s s i b l e  i s  t h a t  due t o  t h e  r e f r a c t i o n  of  waves 
as t h e y  p r o p a g a t e  t h r o u g h  a medium w h e r e  t h e  v e l o c i t y  i s  a 
f u n c t i o n  of t h e  t h i c k n e s s .  

C. E v a l u a t i o n  of V a r i o u s  
U l t r a s o n i c  Techn iques  

U l t r a s o n i c  waves may be caused  t o  e n t e r  a meta l l ic  
s p e c i m e n  a t  any  a n g l e  t h a t  is d e s i r e d .  A second material  may 
be chosen  whose v e l o c i t y  is s lower  t h a n  t h a t  of  t h e  m e t a l  un- 
d e r  o b s e r v a t i o n  s o  t h a t  a bend ing  of t h e  wave o c c u r s  at  t h e  
i n t e r f a c e .  The a c t u a l  p a t h  of t h e  wave i s  d e t e r m i n e d  by  t h e  
r e l a t i v e  v e l o c i t i e s  and t h e  a n g l e  of i n c i d e n c e  a t  t h e  i n t e r -  
face be tween t h e  two materials.  Al though l u c i t e  i s  used  
commonly as t h e  s l o w e r  v e l o c i t y  material, s t u d i e s  h a v e  a l s o  
been  made u s i n g  w a t e r  and  mercury.  A s  t h e  a n g l e  of  i n c i d e n c e  
of t h e  sound wave i s  v a r i e d  i t  is a l s o  p o s s i b l e  t o  create a 
mode c o n v e r s i o n  a t  t h e  boundary  s o  t h a t  t h e  f o r m  of  wave may 
c h a n g e  f r o m  a l o n g i t r i d i - n a l  wave t o  e i t h e r  a s h e a r  wave o r  a 
s u r f a c e  wave. S i n c e  i t  h a s  a l r e a d y  b e e n  e s t a b l i s h e d  t h a t  
t h e  v e l o c i t y  f o r  s h e a r  waves i s  a f u n c t i o n  of stress t h e  
s h e a r  wave mode c o n v e r s i o n  w a s  s e l e c t e d  f o r  s t u d y .  I n  samples 
s u b j e c t e d  t o  b e n d i n g  moments i t  would be i n d i c a t e d  t h a t  t h e r e  
is a c o n t i n u a l  change  i n  v e l o c i t y  f o r  a s h e a r  wave as i t  t ra-  
v e r s e s  t h r o u g h  t h e  t h i c k n e s s  of t h e  sample. A wave t h a t  t ra- 
v e r s e s  t h e  sample w i l l  be s u b j e c t  t o  a b e n d i n g  which i s  d u e  
t o  t h e  change  i n  v e l o c i t y  ( v e l o c i t y  g r a d i e n t )  and  t h u s  s h o u l d  
be r e l a t e d  t o  t h e  stress g r a d i e n t  i n  t h e  sample .  S t u d i e s  
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were made u s i n g  s h e a r  waves which w e r e  p r o p a g a t e d  i n  t h e  
sample a t  a n g l e s  between 50° and 80° f r o m  t h e  no rma l  where 
t h e  o b j e c t i v e  w a s  t o  d e t e r m i n e  a n y  b e n d i n g  of t h e  wave 
f r o n t  due  t o  s t ress  g r a d i e n t .  A l though  i t  w a s  p o s s i b l e  t o  
f i n d  a m e a s u r a b l e  e f fec t  d u e  t o  t h e  p r e s e n c e  of t h e  stress 
g r a d i e n t  t h e r e  are c o m p l i c a t i o n s  which s e v e r e l y  l i m i t  t h i s  
method as b e i n g  s a t i s f a c t o r y  for stress a n a l y s i s .  T h e o r e t i -  
c a l l y ,  t h e  e n t i r e  wave f r o n t  p r o p a g a t e s  a t  a s i n g l e  a n g l e  
o f  i n c i d e n c e  and  f o l l o w s  a n a r r o w l y  c o n f i n e d  pa th .  I n  practice 
t h e  beam s p r e a d s  c o n s i d e r a b l y ,  e s p e c i a l l y  f o r  a n g l e s  of t h e  
o r d e r  of 70' t o  80° f r o m  t h e  normal  which would r e s u l t  i n  a 
maximum s e n s i t i v i t y  t o  t h e  s t r e s s  g r a d i e n t .  S u f f i c i e n t  measure-  
men t s  w e r e  made t o  d e t e r m i n e  t h a t  t h e  d e s i r e d  phenomenon ex is t s  
b u t  c a n n o t  be measured w i t h  s u f f i c i e n t  a c c u r a c y  t o  be a u s e f u l  
t e c h n i q u e .  

A s  a r e s u l t  of  t h e s e  s t u d i e s  i t  w a s  f o u n d  t h a t  a s i n g l e  
t r a n s d u c e r  u s i n g  a l u c i t e  wedge of a p p r o x i m a t e l y  60° a n g l e  of 
i n c i d e n c e  w a s  capable of g e n e r a t i n g  a good s h e a r  component 
a n d ,  i n  a d d i t i o n ,  a good s u r f a c e  wave. T h i s  l e d  t o  a d d i t i o n a l  
s t u d i e s  where t h e  v e l o c i t y  of a s u r f a c e  wave w a s  compared t o  
t h e  v e l o c i t y  of  a s h e a r  wave p r o p a g a t i n g  i n  t h e  same sample. 
Measurements  w e r e  made on b o t h  t h e  s h e a r  wave component and  
s u r f a c e  wave component i n d e p e n d e n t l y  and i t  w a s  found  t h a t  
t h e  s h e a r  wave component had a n  a v e r a g e  v e l o c i t y  which i s  
e s s e n t i a l l y  c o n s t a n t  w i t h  v a r y i n g  stress. The s u r f a c e  wave 
v e l o c i t v  i s  p r o p o r t i o n a l  t o  stress. I t  w a s  h y p o t h e s i z e d  
t h a t  a r e f e r e n c e  t o  t h e  s h e a r  wave would be i d e a l  s i n c e  
c h a n g e s  i n  t h e  c o m p o s i t i o n  o f  t h e  material  might  s i m i l a r l y  
a f f ec t  t h e  basic v e l o c i t y  o f  bo th  waves u n d e r  c o n d i t i o n s  o f  
n o  stress and t h a t  a n  a b s o l u t e  v e l o c i t y  measurement  c o u l d  
be a v o i d e d .  

Under l a b o r a t o r y  c o n d i t i o n s  t h e  s e n d i n g  and  r e c e i v i n g  
t r a n s d u c e r s  are f i x e d  i n  p o s i t i o n  and t h e  stress i s  v a r i e d  
which r e s u l t s  i n  a r e l a t i o n s h i p  be tween stress and t h e  ob- 
s e r v e d  change  i n  v e l o c i t y .  I n  o r d e r  t o  make a f i e l d  measure-  
ment t h e  stress i s  c o n s t a n t  due t o  e i t h e r  t h e  f o r m a t i o n  p r o -  
cesses o r  e x t e r n a l  f o r c e s  and t h e  measurement must be accomp- 
l i s h e d  upon a p p l i c a t i o n  of t h e  t r a n s d u c e r s .  I t  i s  t h e r e f o r e  
o b v i o u s  t h a t  c e r t a in  f a c t o r s  must be c l o s e l y  c o n t r o l l e d  i f  
a s u c c e s s f u l  measurement i s  t o  be made u n d e r  f i e l d  c o n d i t i o n s .  



a 

I 

i 

The v e l o c i t y  of  t h e  s u r f a c e  wave c a n  be d e t e r m i n e d  if t h e  
d i s t a n c e  t h r o u g h  which i t  p r o p a g a t e s  and t h e  f r e q u e n c y  which 
i s  u s e d  are a c c u r a t e l y  c o n t r o l l e d .  The l u c i t e  wedge t y p e  of 
t r a n s d u c e r  c o n t a c t s  a c o n s i d e r a b l e  area of  t h e  sample and must  
be c o u p l e d  t o  t h e  sample  by  some t y p e  of  o i l  f i l m .  The exact 
p a t h  l e n g t h  under  t h e s e  c o n d i t i o n s  is  d i f f i c u l t  t o  d e f i n e  and  
i m p o s s i b l e  t o  repeat. For  t h i s  r e a s o n  emphas i s  w a s  s h i f t e d  
t o  p o s s i b l e  t r a n s d u c e r  d e s i g n s  which would a l l o w  f o r  a 
f i x e d  p a t h  l e n g t h  which c o u l d  b e  a c c u r a t e l y  c o n t r o l l e d .  If 
t h e  f r e q u e n c y  of  measurement i s  known and  t h e  p a t h  l e n g t h  i s  
f i x e d  i t  i s  p o s s i b l e  t o  measure t h e  s u r f a c e  wave v e l o c i t y  
i n  d i f f e r e n t  d i r e c t i o n s  and d e t e r m i n e  t h e  magn i tude  of  t h e  
s t ress .  The i n i t i a l  d e s i g n  of such  t r a n s d u c e r s  and  t h e  re- 
s u l t s  o b t a i n e d  t h e r e f r o m  are d e s c r i b e d  i n  d e t a i l  i n  t h e  n e x t  
s e c t i o n  of  t h i s  r e p o r t .  

The program h a s  t h u s  far  d e m o n s t r a t e d  a number of 
d i f f e r e n t  t e c h n i q u e s  which may be used  unde r  l a b o r a t o r y  con-  
d i t i o n s  t o  measure  stress.  S e v e r a l  o f  t h e s e  methods h a v e  con-  
s i d e r a b l e  m e r i t  f o r  f i e l d  a p p l i c a t i o n s  and are unde r  c u r r e n t  
e v a l u a t i o n .  The c h o i c e  o f  s e v e r a l  f o r m s  of  wave p r o p a g a t i o n  
which show a dependence  on stress s h o u l d  r e s u l t  i n  a s u f -  
f i c i e n t  number of methods of  examining a s t r u c t u r e  s o  t h a t  
p rac t ica l  stress a n a l y s i s  under  f i e l d  c o n d i t i o n s  w i l l  be 
p o s s i b l e ,  

111. ULTRASONIC VELOCITY-STRESS MEASUREMENT 
PROCEDURE AND RESULTS 

A .  U l t r a s o n i c  Measur ing  System and Techn ique  

I t  h a s  been  found  t h a t  bo th  u l t r a s o n i c  s h e a r  and  s u r f a c e  
waves have  a s t r e s s - v e l o c i t y  dependence .  Wi th  t h e s e  two t y p e s  
of u l t r a s o n i c  waves i t  h a s  been shown t h a t  stresses i n  t h e  
b u l k  of a material as w e l l  as s u r f a c e  stresses c a n  be measured 
a c c u r a t e l y  on a r e l a t i v e  basis.  T h e r e  have  been  s e v e r a l  m e -  
t h o d s  c o n s i d e r e d  by  which t h e  v e l o c i t y  change  c o u l d  be measured ,  
and i t  w a s  f o u n d  t h a t  t h e  m o s t  a c c u r a t e  method w a s  a mod i f i ed  
" t i m e  of f l i g h t "  p r o c e d u r e .  A b l o c k  d i a g r a m  of t h e  s y s t e m  i s  
shown i n  F i g u r e  I. 
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The R F  p u l s e  g e n e r a t o r  used i n  t h e  basic s y s t e m  shown 
a b o v e  h a s  a n  o u t p u t  v o l t a g e  of 400 v o l t s  peak  t o  peak  f e d  
f r o m  a l i n k  c o u p l e .  With a p p r o p r i a t e  p l u g  i n  c o i l s  t h e  
o u t p u t  f r e q u e n c y  c o v e r s  a r a n g e  f r o m  1 t o  50 MHz. The 
d u r a t i o n  of t h e  RF p u l s e  i s  v a r i a b l e  f r o m  1 t o  10 mic roseconds  
a t  a r e p e t i t i o n  r a t e  of 1 KHz. G e n e r a l l y  s p e a k i n g ,  t h e  p u l s e  
w i d t h  used  i n  most of t h e  mod i f i ed  " t i m e  of  f l i g h t "  e x p e r i -  
men t s  i s  4 m i c r o s e c o n d s  which g i v e s  s u f f i c i e n t  t i m e  f o r  t h e  
v i b r a t i o n a l  b u i l d - u p  of t h e  c r y s t a l  t r a n s d u c e r  t o  o c c u r .  
A l though  t h e  p a r t i c u l a r  R F  p u l s e  g e n e r a t o r  w a s  c o n s t r u c t e d  
i n  t h e  l a b o r a t o r y ,  similar equipment  c a n  be o b t a i n e d  com- 
m e r c i a l l y .  

The R F  a m p l i f i c a t i o n  of  t h e  r e c e i v e d  s i g n a l s  i s  a c h i e v e d  
b y  c o m m e r c i a l l y  produced  RF a m p l i f i e r s  e s p e c i a l l y  d e s i g n e d  
f o r  p u l s e d  s y s t e m s .  I n  some cases ,  s p e c i f i c a l l y  w i t h  s h e a r  
c r y s t a l s  bonded w i t h  w a x ,  no  a m p l i f i c a t i o n  is  needed  s i n c e  
t h e  v o l t a g e  g e n e r a t e d  a t  t h e  r e c e i v i n g  c r y s t a l  is  of t h e  
o r d e r  of  t e n t h s  of a v o l t .  However, a m p l i f i c a t i o n  is n e c e s -  
s a r y  f o r  measurements  conduc ted  on s u r f a c e  waves g e n e r a t e d  
b y  l u c i t e  wedges a t  f r e q u e n c i e s  above  5 MHz where t h e  re- 
c e i v e d  s i g n a l  a t  t h e  c r y s t a l  i s  o n l y  a t  t h e  m i l l i v o l t  l e v e l .  
Lower f r e q u e n c y  s u r f a c e  wave s i g n a l s  are  s t r o n g  enough s o  
t h a t  n o  a m p l i f i c a t i o n  o t h e r  t h a n  t h e  o s c i l l o s c o p e  i s  needed .  
The R F  a m p l i f i c a t i o n  s y s t e m  when used  c o n s i s t s  of  a t u n a b l e  
preamplifier d e s i g n e d  t o  operate f r o m  5 t o  60 MHz w i t h  a 
t v p i c a l  g a i n  of 20 t n  40 d b  mer  t h e  absve f r e q u s n c y  range. 
The preamplifier i s  f o l l o w e d  by a wideband amplif ier  w i t h  a n  
a d j u s t a b l e  g a i n  of  0 t o  65 d b  f rom 5 t o  60 MHz.  

The v a r i a b l e  t r i g g e r  d e l a y  is  b a s i c a l l y  a s i n g l e  s h o t  
m u l t i v a t o r  t r i g g e r e d  a t  t h e  i n i t i a t i o n  of a p u l s e  by t h e  
R F  p u l s e  g e n e r a t o r .  T r i g g e r i n g  of t h e  o s c i l l o s c o p e  o c c u r s  
when t h e  s i n g l e  s h o t  r e t u r n s  t o  i t s  norma l  s t a t e ,  The d e l a y  
t i m e  of t h e  t r i g g e r  is  c o n t i n u o u s l y  v a r i a b l e  f r o m  1 t o  100 
m i c r o s e c o n d s  w i t h  a p o s i t i v e  o u t p u t  v o l t a g e  s p i k e  of 3 v o l t s .  

The o u t p u t  of t h e  RF p u l s e  g e n e r a t o r  i s  a p p l i e d  t o  t h e  
s e n d i n g  t r a n s d u c e r  a t t a c h e d  t o  t h e  sample as w e l l  as t h e  
t r a n s d u c e r  on a v a r i a b l e  d e l a y  l i n e .  The d e l a y  l i n e  used  
employs a pair of  surface wave t r a n s d u c e r s  whose p a t h  l e n g t h  
c a n  be changed w i t h  a t r a v e r s i n g  mechanism. By c h a n g i n g  
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p a t h  l e n g t h  t h e  t i m e  n e c e s s a r y  f o r  t h e  s u r f a c e  wave p u l s e  
t o  r e a c h  t h e  r e c e i v e r  c a n  be changed .  T h e r e f o r e ,  t h e  re- 
c e i v e d  p u l s e  f r o m  t h e  d e l a y  l i n e  c a n  be a d j u s t e d  t o  o c c u r  
a t  a n y  r e a s o n a b l e  t i m e  a f t e r  t h e  R F  p u l s e  is  a p p l i e d  t o  
t h e  s e n d e r .  I n  some cases t h e  measurements  t a k e n  w i t h  t h e  
s h e a r  waves d i d  n o t  u t i l i z e  t h e  d e l a y  l i n e  as w i l l  be ex- 
p l a i n e d  l a te r .  I n  any  case,  t h e  d e l a y  l i n e  o r  r e f e r e n c e  
s i g n a l  p r o v i d e s  a n  RF p u l s e  t h a t  c a n  be p l a c e d  i n  t i m e  s o  
t h a t  i t  c o i n c i d e s  w i t h  t h e  r e c e i v e d  p u l s e  f r o m  t h e  sample. 
The d e l a y e d  t r i g g e r ,  shown i n  t h e  d i a g r a m ,  i s  t h e n  used  t o  
s t a r t  t h e  o s c i l l o s c o p e  trace a t  t h e  t i m e  of a r r i v a l  of t h e  
f i r s t  r e c e i v e d  p u l s e ,  

The p a r t i c u l a r  o s c i l l o s c o p e  shown i n  F i g u r e  1 had a 
d u a l  c h a n n e l  p l u g - i n  ampl i f ie r  w i t h  a bandwidth  f r o m  0 t o  
25  MHz and a s e n s i t i v i t y  of 0.005 v o l t s  per c e n t i m e t e r .  I t  
i s  poss ib le  t o  d i s p l a y  e a c h  of t h e  i n p u t s  of  t h e  o s c i l l o -  
s c o p e  amplifier a l t e r n a t e l y  s o  t h a t  s i g n a l s  f r o m  t h e  d e l a y  
l i n e  and  sample c o u l d  be viewed s i m u l t a n e o u s l y  on two traces.  
F u r t h e r m o r e ,  t h e  o s c i l l o s c o p e  i s  equ ipped  w i t h  a n  i n t e r n a l  
d e l a y  t r i g g e r .  By t h i s  means i t  is p o s s i b l e  t o  d e l a y  t h e  
t i m e  of i n i t i a t i o n  of one of t h e  traces. 

The a c t u a l  p r o c e d u r e  invo lved  i n  making t h e  m o d i f i e d  
t i m e  of f l i g h t  measurement i s  n o t  v e r y  c o m p l i c a t e d .  For  
example, s u p p o s e  a sample is  t o  be i n v e s t i g a t e d  and i t  
takes 2 0  m i c r o s e c m d s  f o r  the  signal t o  t r a n s v e r s e  tne speci- 
men. The v a r i a b l e  d e l a y  t r i g g e r  i s  t u r n e d  t o  i t s  minimum 
d e l a y  t i m e  of 1 mic rosecond .  With t h e  t i m e  base of t h e  os- 
c i l l o s c o p e  se t  a t  5 mic roseconds  per c e n t i m e t e r ,  t h e  trace 
d i s p l a y i n g  t h e  r e c e i v e d  s i g n a l  f r o m  t h e  sample would show 
t h e  r e c e i v e d  R F  p u l s e  a t  a p p r o x i m a t e l y  t h e  m i d d l e  of t h e  
o s c i l l o s c o p e  s c r e e n .  The r e c e i v e d  d e l a y  l i n e  s i g n a l ,  which 
i s  viewed on t h e  o t h e r  o s c i l l o s c o p e  t race,  i s  made t o  c o i n -  
c i d e  i n  t i m e  w i t h  t h e  s i g n a l  wave t r a n s d u c e r s  of  t h e  d e l a y  
l i n e .  Once t h e  d e l a y  l i n e  h a s  been  a d j u s t e d  p r o p e r l y ,  t h e  
v a r i a b l e  d e l a y  t r i g g e r  i s  t h e n  a d j u s t e d  s o  t h a t  t h e  os- 
c i l l o s c o p e  traces are i n i t i a t e d  a t  a p p r o x i m a t e l y  2 0  mic ro -  
s e c o n d s  af ter  t h e  RF v o l t a g e  w a s  i n i t i a l l y  a p p l i e d  t o  e a c h  
of  t h e  s e n d e r s .  A f t e r  t h i s  a d j u s t m e n t  t h e  r e c e i v e d  s i g n a l s  



12 

c 

t 

t 

a p p e a r  a t  t h e  b e g i n n i n g  of  t h e  o s c i l l o s c o p e  trace.  

The t i m e  base is t h e n  changed t o  0 .1  mic rosecond  per 
c e n t i m e t e r .  With t h i s  s e t t i n g  and  t h e  R F  f r e q u e n c y  of  t h e  
pu l se s  i s  i n  t h e  r e g i o n  o f  3 t o  10 MHz, t h e  p u l s e s  on e a c h  
t race appear as i f  t h e y  w e r e  c o n t i n u o u s  s i n e  waves.  A l s o  
i t  i s  i m p o r t a n t  t o  p o i n t  o u t  t h a t  i t  is  p o s s i b l e  t o  v i s u a l l y  
o b s e r v e  a p h a s e  s h i f t  be tween t h e  two s i g n a l s .  B e f o r e  any  
stress is  a p p l i e d  t o  t h e  sample t h e  two s i g n a l s  are b r o u g h t  
i n  p h a s e  w i t h  each  o t h e r  by  a d j u s t i n g  a c a l i b r a t e d  1 0 - t u r n  
p o t e n t i o m e t e r  which c o n t r o l s  t h e  i n t e r n a l  d e l a y  t r i g g e r  of  
t h e  o s c i l l o s c o p e .  The amount of  d e l a y  t i m e  n e c e s s a r y  t o  
v i s u a l l y  b r i n g  t h e  s i g n a l s  i n  p h a s e  c a n  t h e n  be r e a d  d i r e c t -  
l y  f r o m  t h i s  c a l i b r a t e d  potent iometer .  I t  is  p o s s i b l e  t o  
r e a d  d e l a y  t i m e s  of lo-’ s e c o n d s .  

A s  stress i s  a p p l i e d  t o  t h e  sample t h e  v e l o c i t y  of  t h e  
u l t r a s o n i c  wave c h a n g e s .  T h i s  means t h a t  t h e  t i m e  i t  t a k e s  
t h e  wave t o  t r a n s v e r s e  t h e  sample  i s  changed .  When t h i s  
c h a n g e  o c c u r s  a p h a s e  s h i f t  between t h e  sample  s i g n a l  and 
t h e  d e l a y  l i n e  s i g n a l  i s  v i s u a l l y  n o t e d  on t h e  o s c i l l o s c o p e .  
The i n t e r n a l  t r i g g e r  c a n  t h e n  be a d j u s t e d  t o  b r i n g  t h e  s i g -  
n a l s  i n  p h a s e .  The c h a n g e  i n  t i m e  of  t r a v e l  t h r o u g h  t h e  
sample t h e n  c o r r e s p o n d s  d i r e c t l y  t o  t h e  t i m e  n e c e s s a r y  t o  
c h a n g e  t h e  i n t e r n a l  t r i g g e r  f o r  p h a s e  a l i g n m e n t .  I n  o t h e r  
words ,  if t h e  d e l a y e d  t r i g g e r  shows a d e l a y  rhf 150 x 
s e c o n d s  and  t h e  two s i g n a l s  are i n  p h a s e ,  a p p l i c a t i o n  of  
s t ress  makes t h e  s i g n a l s  s l i p  i n  phase, To b r i n g  t h e  s i g n a l s  
i n  p h a s e  a g a i n  r e q u i r e s ,  f o r  exam l e ,  t h e  i n t e r n a l  t r i g g e r  
t o  be f u r t h e r  d e l a y e d  by 20 x s e c o n d s .  T h e r e f o r e ,  t h e  
a p p l i e d  stress p roduced  a 20 x lo-’ second  change  i n  t h e  tra- 
v e l  t i m e  of t h e  u l t r a s o n i c  wave. 

Norma l ly ,  t h e  o s c i l l o s c o p e  c o n n e c t i o n s  are made s o  t h a t  
t h e  trace d i s p l a y i n g  t h e  d e l a y  l i n e  s i g n a l  i s  t h e  one a f f e c t e d  
b y  t h e  i n t e r n a l  t r i g g e r .  A s  a r e s u l t ,  i f  t h e  s i g n a l  f r o m  t h e  
sample i s  d e l a y e d ,  i . e . ,  t h e  v e l o c i t y  d e c r e a s e s ,  t h e  i n t e r n a l  
d e l a y  t r i g g e r  is a d j u s t e d  s o  t h a t  t h e  i n i t i a t i o n  o f  t h e  
trace showing t h e  d e l a y  l i n e  p u l s e  o c c u r s  e a r l i e r .  
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B.  S h e a r  Wave E x p e r i m e n t s  

The p r o p e r t y  of a material t h a t  m a k e s  i t  s u i t a b l e  f o r  
measu r ing  stress i s  t h a t  i t  e x h i b i t s  t h e  phenomenon of b i -  
r e f r i n g e n c e .  I n  o t h e r  words ,  t h e  p o l a r i z a t i o n  of t h e  
p a r t i c l e  mot ion ,  which i s  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of 
p r o p a g a t i o n ,  changes  f rom l i n e a r l y  p o l a r i z e d  t o  e l l i p -  
t i c a l ,  t o  c i r c u l a r ,  e t c . ,  and then  back  t o  a l i n e a r l y  
p o l a r i z e d  wave, as i t  t r a v e l s  th rough a s t r e s s e d  sample .  
Expe r imen t s  w e r e  per formed i n  o r d e r  t o  f i n d  t h e  best w a y  
t h a t  t h e  b i r e f r i n g e n c e  c o u l d  be measured.  One of t h e  s i m p l e s t  
methods i s  shown i n  F i g u r e  2 where  two Y-cut c r y s t a l s ,  a 
s e n d e r  and a r e c e i v e r ,  are p l a c e d  on t h e  sample a t  45O w i t h  
r e s p e c t  t o  t h e  d i r e c t i o n  of a u n i a x i a l l y  a p p l i e d  l o a d .  A s  
t h e  l o a d  i s  a p p l i e d ,  t h e  r e c e i v e d  s i g n a l  w i l l  go  th rough  
maximums and minimums as a r e s u l t  of  t h e  change  i n  p o l a r i -  
z a t i o n .  T y p i c a l  d a t a  f o r  t h i s  method of  measurement i s  
rep roduced  i n  F i g u r e  3. I t  should  be  n o t e d  t h a t  t h e s e  
measurements  are dependen t  on a m p l i t u d e  and are t h e r e f o r e  
s u b j e c t  t o  t h e  i n a c c u r a c i e s  of  measur ing  a m p l i t u d e s .  

A d i f f e r e n t  method u s i n g  t h e  basic scheme shown i n  
F i g u r e  4 proved t o  be t h e  most a c c u r a t e  i n  o b t a i n i n g  a v e l -  
o c i t y  stress dependence c h a r a c t e r i s t i c  of  t h e  s h e a r  wave. A 
Y-cut s e n d i n g  c r y s t a l  w a s  bonded w i t h  w a x  a t  4 5 O  w i t h  respect 
t n  t h e  u n i a x i a l l y  a p p l i e d  l n a d .  The pa r t i c l e  motion of t h e  
g e n e r a t e d  s h e a r  wave b e i n g  t r a n s v e r s e  t o  t h e  d i r e c t i o n  of 
p r o p a g a t i o n  can be broken  down i n t o  two e q u a l  components.  
One  of  t h e  components i s  p a r a l l e l  t o  t h e  axis of t h e  l o a d  
w h i l e  t h e  o t h e r  one is p e r p e n d i c u l a r  t o  i t .  A s  mentioned 
ear l ie r ,  t h e  wave unde rgoes  a change i n  p o l a r i z a t i o n  i f  t h e  
medium is s u b j e c t e d  t o  stress. I n  o t h e r  words ,  t h i s  means  
t h a t  one o r  b o t h  components of t h e  wave t r a v e l s  a t  a s l i g h t l y  
d i f f e r e n t  v e l o c i t y  depending  upon stress i n  o r d e r  t o  g i v e  t h e  
n e c e s s a r y  t i m e  p h a s e  change  f o r  p o l a r i z a t i o n  t o  o c c u r .  There-  
f o r e ,  i f  two Y-cut c r y s t a l  r e c e i v e r s  are o r i e n t e d  s o  t h a t  t h e y  
i n d e p e n d e n t l y  r e c e i v e  t h e  two components,  t h e  v e l o c i t y  change  
w i t h  stress can  be o b s e r v e d ,  

The b a s i c  measur ing  sys tem shown i n  F i g u r e  1 w a s  used  
i n  making t h e  v e l o c i t y - s t r e s s  measurements of t h e  s h e a r  wave. 
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A s  t h e  sample w a s  c o m p r e s s i v e l y  s t r e s s e d ,  e a c h  component of 
t h e  r e c e i v e d  wave w a s  p h a s e  compared t o  t h e  d e l a y  l i n e  i n  
t h e  f a s h i o n  d e s c r i b e d  e a r l i e r .  The sample w s s t r e s s e d  i n  
s u c c e s s i v e  i n c r e m e n t s  up t o  a stress 24 x 10 p s i .  The 
g r a p h  of F i g u r e  5 shows t h e  change i n  t i m e  of f l i g h t  of t h e  
s h e a r  wave v e r s u s  stress. I t  i s  n o t e d  t h a t  t h e  pa ra l l e l  com- 
p o n e n t  of t h e  s h e a r  wave i n c r e a s e s  i n  v e l o c i t y  l i n e a r l y  w i t h  
c o m p r e s s i v e  stress w h i l e  t h e  p e r p e n d i c u l a r  component d e c r e a s e s  
i n  v e l o c i t y  l i n e a r l y  w i t h  stress. Ano the r  measurement w a s  
made which e l i m i n a t e d  t h e  need  f o r  t h e  d e l a y  l i n e .  I n  t h i s  
case, t h e  para l le l  and  p e r p e n d i c u l a r  components  were p h a s e  
compared w < t h  e a c h  o t h e r .  T h i s  i s  a d i f f e r e n t i a l  t y p e  of 
measurement  where f a c t o r s  s u c h  as p a t h  l e n g t h  c h a n g e s  d u e  t o  
s t r a i n  a n d  c h a n g e s  i n  d e n s i t y  t h r o u g h o u t  t h e  sample d o  n o t  
affect  t h e  measurement s i n c e  bo th  s i g n a l s  t r a v e l  e s s e n t i a l l y  
t h e  same p a t h  l e n g t h .  V e r i f i c a t i o n  t h a t  t h e  d i f f e r e n t i a l  
t y p e  of measurement i s  v a l i d  can be s e e n  b y  g r a p h i c a l l y  sub-  
t r a c t i n g  t h e  c u r v e  r e p r e s e n t i n g  t h e  p e r p e n d i c u l a r  component 
from t h e  c u r v e  of t h e  para l le l  component ,  

4 

The p a r t i c u l a r  s e t  of curves i n  t h e  g r a p h  of F i g u r e  5 
w a s  t a k e n  f o r  t h e  aluminum a l l o y  7075. S imi l a r  data w a s  
a l so  t a k e n  f o r  6061 and  2024 aluminum a l l o y s ,  T a b l e  I g i v e s  
i m p o r t a n t  d a t a  for a l l o y s  t e s t e d .  The samples used  t o  ob- 
t a i n  t h e  d a t a  w e r e  1" x x 43" i n c h e s  l o n g ,  l o a d e d  u n i -  
a x i a l l y  a l o n g  t h e  l o n g  d imens ion .  Seven  MHz t r a n s d u c e r s  w e r e  
placed on t h e  1" s i d e s  g i v i n g  a p a t h  l e n g t h  of l*', for t h e  
u l t r a s o n i c  s h e a r  wave. The s i d e s  on which t h e  t r a n s d u c e r s  
were a t t a c h e d  w e r e  i n i t i a l l y  p l i s h e d  w i t h  carborundum paper 
c o n t a i n i n g  #500 g r i t ,  

F u r t h e r  work i s  now b e i n g  c o n d u c t e d  c o n c e r n i n g  t h e  
a p p l i c a t i o n  of s h e a r  waves t o  f i e l d  use i n  m e a s u r i n g  stress. 
A t r a n s d u c e r  h a s  been  c o n s t r u c t e d  which c a n  be used  from one  
s i d e  of a spec imen .  F i g u r e  6 shows a s k e t c h  of t h e  t r a n s -  
d u c e r .  Two Y-cut c r y s t a l s  a r e  mounted w i t h  t h e i r  axes of 
v i b r a t i o n  a t  r i g h t  a n g l e s .  These c r y s t a l s  are used  t o  g e n e r -  
a t e  a n d  receive s i g n a l s  and a p h a s e  compar i son  i s  t h e n  made 
t o  d e t e r m i n e  t h e  change  i n  v e l o c i t y .  The amount of p h a s e  
s h i f t  be tween t h e  t w o  s i g n a l s  i s  t h e n  p r o p o r t i o n a l  t o  t h e  
a v e r a g e  stress d i f f e r e n c e  b e t w e e n  t h e  two d i r e c t i o n s  of v i -  
b r a t i o n s  as  r e p o r t e d  above, O f  course,  t h e  l a b o r a t o r y  
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e x p e r i m e n t s  w i t h  s h e a r  waves performed t o  d a t e  h a v e  d e a l t  
m a i n l y  w i t h  u n i a x i a l  l o a d s .  However, t h e  s i n g l e  s i d e  t y p e  
of  t r a n s d u c e r  e n a b l e s  n o t  o c l y  t h e  p r i n c i p l e  d i r e c t i o n  of 
stress t o  be found  b u t  a l s o  i t s  magn i tude .  For example, 
i f  t h e  d i r e c t i o n  of  s t ress  is  a sample i s  i n  t h e  d i r e c t i o n  
of i t s  par t ic le  v i b r a t i o n  of one of t h e  c r y s t a l s ,  t h e  max- 
imum d i f f e r e n t i a l  change  o c c u r s .  O r i e n t i n g  t h e  t r a n s d u c e r s  
by  4 5 O  s h o u l d  t h e n  show n o  change  s i n c e  b o t h  components  of 
t h e  s h e a r  wave see t h e  same amount of stress. I n c i d e n t a l l y ,  
t h i s  is a m e a n s  by which c a l i b r a t i o n  of a z e r o  r e l a t i v e  
stress can  be made. 

T h e r e  a re ,  however ,  c e r t a i n  problems i n v o l v i n g  e r r o r s  
i n  measurements  d u e  t o  c o u p l a n t s  w i t h  a n y  t y p e  of  u l t r a s o n i c  
t r a n s d u c e r  t h a t  i s  b a s i c a l l y  a p o r t a b l e  d e v i c e .  S h e a r  waves 
are e s p e c i a l l y  d i f f i c u l t  t o  c o u p l e  i n t o  a sample, b u t  d e v e l o p -  
ment work i s  now b e i n g  conduc ted  i n  o r d e r  t o  e v a l u a t e  coup-  
l a n t s  s u i t a b l e  f o r  f i e l d  u s e .  

C. S u r f a c e  Wave S t u d i e s  

No t  o n l y  d o  s h e a r  waves show a v e l o c i t y - s t r e s s  depend-  
e n c e  bu t  s o  d o  s u r f a c e  waves .  T h i s  t y p e  of u l t r a s o n i c  wave 
is  e x t r e m e l y  u s e f u l  i n  s t u d y i n g  s u r f a c e  phenomena such  as 
s u r f a c e  stress, surface c o n d i t i o n s ,  s u c h  as o x i d e  c o a t i n g s ,  
and  stress g r a d i e n t s .  All of  t h e  ment ioned  phenomena c a n  be 
s t u d i e d  w i t h  t h e  basic measur ing  sys t em showm Iri F i g ~ r s  1. 
The v e l o c i t y - s t r e s s  dependence  of t h e  s u r f a c e  wave w a s  m e a s -  
u r e d  f o r  t h e  s a m e  a l l o y s  u s e d  i n  making t h e  s h e a r  wave measure-  
m e n t s ,  i . e . ,  2024, 6061 and  7075, The s u r f a c e  wave w a s  com- 
p a r e d  a g a i n s t  t h e  d e l a y  l i n e  of F i g u r e  7 ,  as t h e  samples w e r e  
s t r e s s e d  u n i a x i a l l y  and  t h e  o b t a i n e d  d a t a  c a n  be found i n  
T a b l e  I .  (See Page  1 9 . )  

The same samples d e s c r i b e d  earlier i n  t h e  s t u d i e s  of 
s h e a r  waves w e r e  u sed  t o  obtain t h e  surface w a v e  d a t a .  The 
wedge t r a n s d u c e r s  w e r e  placed a t  1, 13 and  2 i n c h e s  apart on 
t h e  1 i n c h  s i d e  of t h e  sample  as  shown i n  t h e  F i g u r e .  For  
e a c h  of t h e s e  s p a c i n g s  d a t a  w a s  t a k e n  o v e r  t h e  s a m e  stress 
r a n g e .  
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I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  measurements  con-  
c e r n i n g  s u r f a c e  waves are a f f e c t e d  b y  s t r a i n .  G e n e r a l l y  
s p e a k i n g ,  one h a l f  of t h e  change i n  t h e  t i m e  of t r a v e l  of 
t h e  wave on a s t r e s s e d  sample  i s  due  t o  s tress,  t h e  r ema inde r  
b e i n g  a r e s u l t  of  p a t h  l e n g t h  change  d u e  t o  s t r a i n .  T h i s  f a c t  
s h o u l d  n o t  c o m p l i c a t e  f i e l d  measurements  s i n c e  i t  c a n  e a s i l y  - be c o r r e c t e d  b y  c a l i b r a t i o n .  

D a t a  w a s  a l s o  o b t a i n e d  c o n c e r n i n g  t h e  v e l o c i t y  change  of 
t h e  s u r f a c e  wave w i t h  stress u s i n g  t h e  l o a d i n g  a p p a r a t u s  
shown i n  F i g u r e  8 .  T h i s  l o a d i n g  frame applies a bend ing  mo- 
ment t o  t h e  sample s o  t h a t  i t s  top  f i b e r  c a n  be s u b j e c t e d  t o  
e i t h e r  t e n s i o n  or compress ion  by s i m p l y  i n t e r c h a n g i n g  t h e  
s u p p o r t s .  Between t h e  two i n n e r  s u p p o r t s  t h e r e  ex i s t s  a con-  
s t a n t  bend ing  moment c a u s i n g  t h e  stress a l o n g  t h e  s u r f a c e  of 
t h e  sample i n  t h e  r e g i o n  t o  be c o n s t a n t .  The v a l u e  of t h e  
stress i s  c a l c u l a t e d  by  knowing t h e  d e f l e c t i o n  of t h e  sample. 
The s u r f a c e  wave d a t a  o b t a i n e d  i s  i l l u s t r a t e d  g r a p h i c a l l y  i n  
F i g u r e  9 .  No te  t h a t  t h e  l i n e a r  r e l a t i o n s h i p  between v e l o c i t y  
c h a n g e  and stress h o l d s  i n  t e n s i o n  as w e l l  as compress ion .  
The s o l i d  l i n e  w i t h o u t  d a t a  p o i n t s  shows t h e  a c t u a l  v e l o c i t y  
change  when t h e  o b t a i n e d  d a t a  i s  c o r r e c t e d  f o r  s t r a i n .  

- .. - 1 _ -  The sample s i z e  Used i n  t n e  i o a a i n g  rrarne w a s  I' x L~ 

x 48" l o n g ,  The 1" s i d e  w a s  p o l i s h e d  w i t h  #SO0 g r i t  p a p e r .  
The p i c t u r e s  of F i g u r e  10 shows t h e  l o a d i n g  frame and t h e  
p l a c e m e n t  of t h e  sample. 

Another  a d v a n t a g e  t h a t  t h e  s u r f a c e  wave p o s s e s s e s  i s  
t h a t  i t s  d e p t h  of p e n e t r a t i o n  c a n  be c o n t r o l l e d  s i m p l y  b y  
c h a n g i n g  f r e q u e n c y .  The p e n e t r a t i o n  d e p t h  of  a s u r f a c e  
wave is a p p r o x i m a t e l y  one wave leng th .  For  example ,  w i t h  a 
s u r f a c e  wave v e l o c i t y  of 3 x lo3 m/sec t h e  d e p t h  of pene-  
t r a t i o n  is 0.3 c m  a t  1 MHz, or .03 c m  a t  10 MHz. Stresses 
t h a t  are  p r e s e n t  n e a r  t h e  s u r f a c e  of a material and v a r y  
w i t h  d e p t h  c a n  t h e n  be measured b y  v a r y i n g  f r e q u e n c y .  

D.  S t ress  G r a d i e n t  S t u d i e s  

A stress g r a d i e n t  w a s  p roduced  i n  t h e  l a b o r a t o r y  b y  
s u b j e c t i n g  a sample t o  a c o n s t a n t  b e n d i n g  moment by t h e  l o a d -  
i n g  a p p a r a t u s  shown i n  F i g u r e  8. With t h i s  t y p e  of l o a d i n g ,  
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Figure 10. I l l u s t r a t i n g  t h e  Loading Frame for Producing 
a Bending M o m e n t ,  
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t h e  stress i n  t h e  sample v a r i e s  l i n e a r l y  w i t h  d i s t a n c e  f rom 
t h e  n e u t r a l  f i be r .  The t o p  p o r t i o n  of t h e  sample i n  F i g u r e  
8 i s  i n  t e n s i o n  w h i l e  t h e  f ibers of t h e  sample below t h e  
n e u t r a l  f i b e r  are i n  compress ion .  Two l u c i t e  wedge s u r f a c e  
wave t r a n s d u c e r s  ( 6 7 i 0  a n g l e )  were a t t a c h e d  t o  t h e  sample 
w i t h  1 MHz, X-cut  c r y s t a l s .  Once t h e  t r a n s d u c e r s  were p u t  
i n t o  place t h e y  w e r e  n o t  removed i n  o r d e r  t o  a s s u r e  t h a t  t h e  
path l e n g t h  be tween t h e  t r a n s d u c e r s  d i d  n o t  change .  S u r f a c e  
waves were t h e n  g e n e r a t e d  a t  1, 3, 5 and 7 MHz. For each 
of these f o u r  f r e q u e n c i e s ,  v e l o c i t y  c h a n g e s  w e r e  n o t e d  as  
t h e  bar w a s  s t r e s s e d  u s i n g  t h e  measu r ing  s y s t e m  of  F i g u r e  1. 

The a s sumpt ion  w a s  made t h a t  t h e  s u r f a c e  waves would see 
a n  a v e r a g e  stress d e p e n d i n g  on t h e  d e p t h  of i t s  p e n e t r a t i o n .  
The stress on t h e  surface f ibers  would t h e n  be t h e  maximum 
stress i n  t h e  sample i n t r o d u c e d  b y  l o a d i n g .  If t h e  penetra- 
t i o n  d e p t h  of t h e  wave was t o  t h e  n e u t r a l  f i b e r ,  t h e n  t h e  
a v e r a g e  stress would be one-ha l f  t h e  stress p r e s e n t  a t  t h e  
surface s i n c e  stress i n c r e a s e s  l i n e a r l y  from t h e  n e u t r a l  
f i b e r .  Note  t h a t  i f  t h e  p e n e t r a t i o n  of t h e  wave i s  t h e  t h i c k -  
n e s s  of t h e  sample t h e  a v e r a g e  stress would be z e r o .  T h i s  re- 
s u l t s  s i n c e  t h e  wave would t h e o r e t i c a l l y  see a n  e q u a l  amount 
of  compress ion  and  t e n s i o n .  A simple f o r m u l a  c a n  be u s e d  t o  
n y r a = =  +ha a m a r a n ~  stress from t h e  s u r f a c e  i n t o  t h e  sample 
and  i s  d e r i v e d  be iow i n  F i g u r e  11. 

F i g u r e  1 2  shows a p l o t  of t h e  a v e r a g e  stress i n  per- 
c e n t a g e  of 'ma, t h a t  would be p r e s e n t  as  a f u n c t i o n  of  f re -  
q u e n c y ,  i . e . ,  d e p t h  of p e n e t r a t i o n .  For  t h e  p a r t i c u l a r  
sample u s e d  a 0 . 2 5  i n c h e s .  The d o t s  r e p r e s e n t  t h e  a c t u a l  
d a t a  o b t a i n e d .  The d a t a  w a s  no rma l i zed  t o  t h e  v e l o c i t y  change  
o c c u r r i n g  a t  7 MHz a s suming  a one wave leng th  p e n e t r a t i o n .  
The sample used  f o r  t h e  stress g r a d i e n t  s t u d y  w a s  1/2" x 
2" bar of 2014-T651 a l l o y .  The sample  w a s  p l a c e d  i n  t h e  
l o a d i n g  frame of F i g u r e  8 w i t h  t h e  s u r f a c e  wave t r a n s d u c e r s  
a t t a c h e d  on t h e  2" s i d e ,  For t h i c k e r  samples, i t  w a s  shown 
t h a t  t h e  a v e r a g e  stress n e a r  t h e  s u r f a c e  w a s  i n d e p e n d e n t  of 
d e p t h  as would be p r e d i c t e d .  

E .  S u r f a c e  C o n d i t i o n s  

I t  i s  t h e r e f o r e  a p p a r e n t  t h a t  t h e  s u r f a c e  wave can  
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d e t e c t  and  measure  a stress g r a d i e n t .  The g r a d i e n t  p resent  
i n  t h e  sample d e s c r i b e d  above  is 4 x lo4 l b s / i n 2  per i n .  
T h e r e  a re ,  however ,  f a c t o r s  t h a t  must be c o n s i d e r e d  i n  o r d e r  
t o  p r o p e r l y  i n t e r p r e t  t h e  i n f o r m a t i o n  o b t a i n e d  f r o m  s u r f a c e  
wave s t u d i e s  of stress a n a l y s i s  b e f o r e  a p p l i c a t i o n  t o  f i e l d  
u s e  i s  p o s s i b l e .  One  of t h e  f o r e m o s t  f a c t o r s  i s  t h e  c o n d i t i o n  
of t h e  s u r f a c e ,  I t  is  v i s u a l l y  p o s s i b l e  t o  t e l l  t h e  s u r f a c e  
on several a l l o y s ,  namely 2024, 6061 and  7075. S i n c e  t h e y  
h a v e  d i f f e r e n t  a p p e a r a n c e  presumably  due  t o  n a t u r a l l y  o c c u r -  
i n g  o x i d e  c o a t i n g s .  S t u d i e s  have been  made c o n c e r n i n g  t h e  
v e l o c i t y  change  of  t h e  s u r f a c e  wave w i t h  u n i a x i a l  l o a d  ap- 
p l i e d  as a f u n c t i o n  of  f r e q u e n c y ,  R e s u l t s  of t h e s e  s t u d i e s  
is shown i n  F i g u r e  13 f o r  6061 a l l o y .  The t e c h n i q u e  e m -  
p l o y e d  t o  o b t a i n  t h e  d a t a  f o r  t h e  above  f i g u r e  i s  similar 
t o  t h a t  u sed  above  i n  t h e  s t r e s s - g r a d i e n t  s t u d i e s  w i t h  t h e  
e x c e p t i o n  t h a t  a u n i a x i a l  l o a d  w a s  a p p l i e d .  I t  i s  s e e n  
t h a t  t h e  v e l o c i t y  change  f o r  a g i v e n  amount of  stress is n o t  
as  pronounced  a t  3 MHz as  a t  7 MHz. T h e r e  are t w o  p o s s i b l e  
e x p l a n a t i o n s  f o r  t h e  o b s e r v e d  b e h a v i o r .  These  are: (1) 
a stress g r a d i e n t  i s  present i n  sample as a r e s u l t  o f  t h e  
f o r m i n g  p r o c e s s ,  and/or  ( 2 )  t h e  s u r f a c e  is  of s u b s t a n t i a l l y  
d i f f e r e n t  c o m p o s i t i o n  t h a n  t h e  b u l k  of t h e  material. E v i -  
d e n c e  t h a t  t h e  l a t t e r  h a s  some m e r i t  w a s  d e m o n s t r a t e d  by  
m i l l i n g  1/32 i n c h  f r o m  t h e  s u r f a c e  and  r e p e a t i n g  t h e  ex- 
p e r i m e n t .  I n  t h i s  case t h e  s u r f a c e  wave v e l o c i t y  change  
w i t h  stress w a s  i n d e p e n d e n t  of f r e q u e n c y .  The o t h e r  a l l o y s  
men t ioned  above  a l s o  h a v e  a similar b e h a v i o r .  

Another  f a c t o r  which needs  a t t e n t i o n  b e f o r e  a c c u r a t e  
f i e l d  measurements  are p o s s i b l e  i s  t h a t  t h e  s u r f a c e  wave 
t r a n s d u c e r s ,  g e n e r a t o r  and  r e c e i v e r ,  m u s t  be r i g i d l y  a t t a c h e d  
t o  e a c h  o t h e r  i n  o r d e r  t o  keep  p a t h  l e n g t h  c o n s t a n t .  A l s o  
i n  t h i s  c o n n e c t i o n ,  t h e  t r a n s d u c e r s  must be d e s i g n e d  s o  t h a t  
t h e  p o i n t s  of g e n e r a t i o n  and  r e c e p t i o n  of t h e  waves r ema in  
t h e  s a m e .  T h i s  implies t h a t  if a t  a l l  p o s s i b l e  t h e  t r a n s -  
d u c e r s  w i l l  h a v e  t o  p e r f o r m  w i t h  l i t t l e  o r  no  c o u p l a n t .  These  
r e q u i r e m e n t s  on t h e  t r a n s d u c e r  are f a i r l y  s t r o n g ;  however ,  
p r o m i s i n g  development  work i s  now b e i n g  c o n d u c t e d  a l o n g  t h i s  
l i n e .  

A "kn i f e" -edge  t r a n s d u c e r  h a s  b e e n  c o n s t r m t e d  and  i s  
shown i n  F i g u r e  14. The k n i f e  e d g e  h a s  t h e  a d v a n t a g e  t h a t  
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t h e  place a t  which t h e  s u r f a c e  wave is  g e n e r a t e d  o r  r e c e i v e d  
i s  w e l l  d e f i n e d .  With t h i s  i n  mind t h e  p a t h  l e n g t h  t r a n s -  
v e r s e d  b y  t h e  s u r f a c e  wave i n  t h e  sample c a n  be a c c u r a t e l y  
d e t e r m i n e d  s i n c e  i t  i s  p o s s i b l e  t o  r i g i d l y  a t t a c h  t h e  
s e n d e r  and  t h e  r e c e i v e r .  Note  t h a t  a p l a s t i c  l e n s  is e m -  
p l o y e d  t o  f o c u s  t h e  u l t r a s o n i c  wave. T h i s  i s  n e c e s s a r y  s i n c e  
t h e  k n i f e  e d g e  behaves  as a l i n e  s o u r c e  w i t h  t h e  sound r a y s  
e x t e n d i n g  r a d i a l l y  f r o m  i t .  The l e n s  d i f f r a c t s  t h e  r a y s  
c a u s i n g  them t o  form a p l a n e  wave f r o n t .  E v a l u a t i o n  of t h i s  
t r a n s d u c e r  d e s i g n  is  c u r r e n t l y  underway. 

I n  a d d i t i o n ,  such  a t r a n s d u c e r  c o u l d  l e a d  t o  n e w  t e c h -  
n i q u e s  b y  which r e l a t i v e  and a b s o l u t e  v e l o c i t y  measurements  
c o u l d  be made. These  t e c h n i q u e s  would b a s i c a l l y  employ a 
f r e q u e n c y  chang ing  method. A s i g n a l  f r o m  t h e  sample unde r  
s t u d y  would be phase-compared t o  a r e f e r e n c e  s i g n a l .  T h e r e  
are two p o s s i b i l i t i e s  b y  which a measurement c o u l d  be made. 
These  are: (1) t h e  o s c i l l a t o r  f r e q u e n c y  is changed and  t h e  
f r e q u e n c y  d i f f e r e n c e  f o r  a 3 6 0 O p h a s e  s h i f t  is n o t e d ,  or (2) 
t h e  amount of change  i n  f r e q u e n c y  n e c e s s a r y  t o  i n i t i a l l y  
b r i n g  t h e  sample and  reference s i g n a l  back  i n  p h a s e  when t h e  
sample i s  s t r e s s e d .  I n  e i t h e r  case a measurement c o u l d  be 
made g i v i n g  i n f o r m a t i o n  on t h e  s t a t e  of s u r f a c e  stress preseot. 

I V .  MEASUREMENTS OF FATIGUE AND CORROSION 

A. I n t r o d u c t i o n  

F a t i g u e  damage and  stress c o r r o s i o n  c a u s e  f a i l u r e  t o  
s t r u c t u r e s  even though t h e  s t a t i c  l i m i t  of  t h e  material  h a s  
n o t  b e e n  exceeded ,  Both f o r m s  of damage are  f u n c t i o n s  of 
t h e  d u r a t i o n  of e x p o s u r e  t o  e i t h e r  r e p e a t e d  c y c l i n g  o r  t o  
c o r r o s i v e  a t m o s p h e r e s  when t h e  material is u n d e r  stress. 
Al though  r e l a t i v e l y  l a r g e  stresses are i n v o l v e d ,  t h e y  are 
w e l l  w i t h i n  t h e  d e s i g n  l i m i t  imposed b y  s t a t i c  c o n s i d e r a t i o n s .  
A t  t h e  p r e s e n t  t i m e  d e s i g n  c r i t e r i a  must a c c o u n t  f o r  t h e s e  
t y p e s  of f a i l u r e  which impose more severe r e s t r i c t i o n s  t h a n  
s t a t i c  d e s i g n  c r i te r ia .  I t  would be of extreme v a l u e  i f  
n o n d e s t r u c t i v e  measurement methods w e r e  avai lable  which 
would a n t i c i p a t e  t h e  f a i l u r e  of a s t r u c t u r e  b y  e i t h e r  f a t i g u e  
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o r  stress c o r r o s i o n ,  A l though  t h e  two methods of f a i l u r e  
are  q u i t e  d i f f e r e n t  i n  t h e i r  o r i g i n  t h e  i n i t i a t i o n  of 
f a i l u r e  o c c u r s  n e a r  t h e  s u r f a c e  of t h e  material i n  a l m o s t  
a l l  i n s t a n c e s .  I t  would t h e r e f o r e  s e e m  r e a s o n a b l e  t h a t  m e -  
t h o d s  which c a n  d e t e c t  t h e  p r e s e n c e  of f a t i g u e  damage c a n  
a l s o  d e t e c t  t h e  damage due  t o  stress c o r r o s i o n .  S e v e r a l  
methods  of measurement h a v e  been s t u d i e d  u s i n g  samples 
which h a v e  been  s u b j e c t e d  t o  e i t h e r  f a t i g u e  o r  stress 
c o r r o s i o n .  The o b j e c t i v e  of t hese  measurements  i s  n o t  t o  
u n d e r s t a n d  t h e  mechanism of  f a i l u r e  b u t  t o  d e v e l o p  non- 
d e s t r u c t i v e  means which w i l l  p r e d i c t  t h e  r e m a i n i n g  l i f e  of 
t h e  s t r u c t u r e .  

B.  Sample P r e p a r a t i o n  

The samples which have  been s t u d i e d  h a v e  been  p r e p a r e d  
u s i n g  commonly a c c e p t e d  methods f o r  p r o d u c i n g  e i t h e r  f a t i g u e  
o r  stress c o r r o s i o n .  ''he p r e p a r a t i o n  of  t h e s e  samples w i l l  
be d e s c r i b e d  and t h e  s u b s e q u e n t  measurements  and r e s u l t s  w i l l  
t h e n  be g i v e n .  For stress c o r r o s i o n ,  aluminum samples w e r e  
s u b j e c t e d  t o  a s a l t  b a t h  where t h e  sample w a s  a l t e r n a t e l y  
immersed i n  a 3 per c e n t  s a l t  s o l u t i o n  and  t h e n  s u b j e c t e d  t o  
d r y i n g  i n  t h e  a t m o s p h e r e .  The b a t h  w a s  made u s i n g  de-  
i o n i z e d  w a t e r  w i t h  s u f f i c i e n t  sa l t  added  t o  p r o d u c e  a 3 
per c e n t  s o l u t i o n .  The samples  w e r e  mounted on n o n - m e t a l l i c  
r a c k s  i n  a n o n - m e t a l l i c  c o n t a i n e r .  The s a l t  s o l u t i o n  w a s  
pumped i n t o  t h e  c o n t a i n e r  f rom a r e s e r v o i r  which immersed 
t h e  samples f o r  a p e r i o d  of t e n  m i n u t e s  a t  which t i m e  t h e  pump 
w a s  s h u t  o f f  and t h e  c o n t a i n e r  w a s  e m p t i e d ,  The samples w e r e  
t h e n  exposed  t o  a i r  f o r  a p e r i o d  of 50 m i n u t e s  and  t h e  c y c l -  
i n g  w a s  r e p e a t e d ,  The s y s t e m  w a s  d e s i g n e d  i n  t h i s  manner s o  
t h a t  l o a d i n g  frames c o u l d  be i n t r o d u c e d  i n  t h e  b a t h  e a s i l y  
t o  s t u d y  t h e  effects  of s t ress ,  

The i n i t i a l  measurements  w e r e  c o n c e r n e d  w i t h  t h e  effects  
of  c o r r o s i o n  i t se l f  w i t h o u t  t h e  i n t r o d u c t i o n  of  stress o t h e r  
t h a n  t h a t  p o s s i b l y  due  t o  t h e  machin ing  p r o c e s s e s  i n  p r e p a r a -  
t i o n  of samples, A second  series of  samples w e r e  p r e p a r e d  
where a u n i a x i a l  f o r c e  w a s  a p p l i e d  c a u s i n g  t h e  sample t o  be 
i n  a s t a t e  of  t e n s i o n .  The e n t i r e  l o a d i n g  frame and  s a m p l e s  
w e r e  s u b j e c t e d  t o  t h e  s a l t  b a t h .  Two t y p e s  of l o a d i n g  frames 
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were u s e d ,  t h e  f i r s t  of which produced  a c o n s t a n t  e l o n g a t i o n  
of t h e  sample and  t h e  second of which produced  a c o n s t a n t  
f o r c e  on t h e  sample. 

I n  order t o  p r o d u c e  f a t i g u e  damage t w o  forms of c y c l i c a l  
l o a d i n g  w e r e  u s e d .  These  methods of l o a d i n g  w e r e  chosen  s i n c e  
some o f  t h e  a p p a r a t u s  r e q u i r e d  c y l i n d r i c a l  samples w h i l e  o t h e r  
pieces of a p p a r a t u s  r e q u i r e d  r e c t a n g u l a r  samples. The c y l i n -  
d r i c a l  samples w e r e  s u b j e c t e d  t o  t o r s i o n  where t h e  ra te  of 
c y c l i n g  w a s  a p p r o x i m a t e l y  o n e  c y c l e  f o r  e v e r y  two s e c o n d s .  
The stress l e v e l  w a s  chosen  f rom i n f o r m a t i o n  a v a i l a b l e  i n  t h e  
l i t e r a t u r e  which s h o u l d  r e s u l t  i n  f a i l u r e  by  f a t i g u e  a f t e r  
a p p r o x i m a t e l y  24 h o u r s  of e x c i t a t i o n .  T h i s  would c o r r e s p o n d  
t o  a p p r o x i m a t e l y  50,000 c y c l e s  f o r  f a i l u r e .  

The r e c t a n g u l a r  bars w e r e  s u b j e c t e d  t o  b e n d i n g  moments 
w h e r e  t h e  e n d s  of t h e  bar w e r e  s u p p o r t e d  and t h e  c e n t e r  w a s  
d e f l e c t e d  i n  a l t e r n a t e  d i r e c t i o n s .  A g a i n ,  t h e  d e f l e c t i o n  
w a s  chosen  t o  c a u s e  f a i l u r e  a f te r  a p p r o x i m a t e l y  50,000 c y c l e s .  
A ser ies  of samples w e r e  s u b j e c t e d  t o  b o t h  f o r m s  o f  l o a d i n g  
and  t h e  t i m e  r e q u i r e d  t o  p roduce  f a i l u r e  w a s  r e c o r d e d .  The 
a m p l i t u d e  of  e x c i t a t i o n  w a s  t h e n  a d j u s t e d  t o  c a u s e  f a i l u r e  
a f t e r  a p p r o x i m a t e l y  20 h o u r s  of e x c i t a t i o n .  The computed 
stress c o r r e s p o n d e d  c l o s e l y  t o  t h o s e  g i v e n  i n  t h e  l i t e r a t u r e .  
These  p a r t i c u l a r  l e v e l s  were used s o  t h a t  d a t a  c o u l d  be t a k e n  
o v e r  a r e a s o n a b l e  number of c y c l e s  b u t  w a s  s u f f i c i e n t l y  s h o r t  
s o  t h a t  a l a r g e  number of samples c o u l d  be p r e p a r e d  w i t h i n  a 
s h o r t  p e r i o d  of  t i m e .  I n  some cases, i t  w a s  n e c e s s a r y  t o  
remove t h e  sample f r o m  t h e  f a t i g u e  a p p a r a t u s  i n  o r d e r  t o  make 
a measurement .  A t  t h e  t i m e  o f  r emova l ,  a l l  forms of measure-  
ment poss ib l e  on a g i v e n  sample  w e r e  t a k e n  and  t h e  sample 
w a s  r e p l a c e d  i n  t h e  f a t i g u e  a p p a r a t u s .  I n  g e n e r a l ,  t h e  
samples w e r e  s u b j e c t e d  t o  a p p r o x i m a t e l y  o n e - h a l f  of t h e i r  
l i f e  b e f o r e  a measurement w a s  t aken  and  c o n t i n u e d  i n  one  h o u r  
i n c r e m e n t s  u n t i l  f a i l u r e .  A f t e r  each a d d i t i o n a l  hour  of ex- 
c i t a t i o n  a d d i t i o n a l  measurements  w e r e  made of t h e  p r o p e r t i e s  
of  t h e  material. 

Samples w e r e  p r e p a r e d  from s t o c k  e i t h e r  c y l i n d r i c a l  
i n  s h a p e  or s q u a r e  and t h e  s u r f a c e  w a s  p o l i s h e d  w i t h  s u c c e s s -  
i v e l y  f i n e  g r i t  u n t i l  s u r f a c e  i m p e r f e c t i o n s  w e r e  removed. I n  
a l l  cases, an  i n i t i a l  measurement w a s  made on t h e  sample b e f o r e  
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s u b j e c t i n g  i t  t o  e i t h e r  f a t i g u e  o r  stress c o r r o s i o n .  The 
samples f o r  f a t i g u e  w e r e  c y l i n d r i c a l ,  1'/4 i n c h  i n  d i a m e t e r ,  
o r  of 1 /2  i n c h  square c r o s s  s e c t i o n .  The samples  f o r  stress 
c o r r o s i o n  v a r i e d  f r o m  1/4 i n c h  i n  d i a m e t e r  t o  1/2 i n c h  i n  
d i a m e t e r .  A sample  l e n g t h  of  7 i  i n c h e s  w a s  chosen  which 
c o r r e s p o n d e d  t o  an  e l e c t r i c a l  r e s o n a n t  f r e q u e n c y  of 800 mega- 
c y c l e s  per second and a mechan ica l  r e s o n a n t  f r e q u e n c y  of 
a p p r o x i m a t e l y  1 4  k i l o c y c l e s  per s e c o n d .  Both r e s o n a n t  f re -  
q u e n c i e s  w e r e  w i t h i n  t h e  r a n g e  of t h e  a p p a r a t u s  used  f o r  
measurement  s o  t h a t  t h e  same sample c o u l d  be measured by  more 
t h a n  o n e  t e c h n i q u e .  

C. Basic Measurements Per formed 
f o r  Damage E v a l u a t i o n  

T h r e e  basic t y p e s  of measurement were pe r fo rmed  on t h e  
d i f f e r e n t  t y p e s  of samples. E l e c t r o m a g n e t i c  s u r f a c e  resis- 
t a n c e  and  u l t r a s o n i c  a t t e n u a t i o n  measurements  w e r e  s e l e c t e d  
b e c a u s e  o f  t h e i r  p r o p e r t i e s  of measu r ing  s u r f a c e  phenomena. 
The t h i r d  measurement s e l e c t e d  w a s  t h e  m e c h a n i c a l  l lQ1l where 
t h e  sample i s  v i b r a t e d  a t  i t s  fundamen ta l  l o n g i t u d i n a l  res- 
o n a n c e .  T h i s  a d d i t i o n a l  measurement is  s e n s i t i v e  t o  surface 
d e f e c t s  b u t  a l s o  g i v e s  an  i n d i c a t i o n  of i n t e r n a l  c h a n g e s  i n  
t h e  s t r u c t u r e  of t h e  m e t a l  sample .  F u r t h e r m o r e ,  c o n s i d e r a b l e  
d a t a  w a s  a v a i l a b l e  on samples which gave  a good bas i s  of com- 
p a r i s o n  w i t h  t h e  e f f ec t s  o f  damage. The a p p a r a t u s  f o r  measure-  
ment f o r  e a c h  t e c h n i q u e  w i l l  b e  d e s c r i b e d  and t h e  r e s u l t s  of 
measurements  w i l l  be g i v e n .  

D .  I n t e r n a l  F r i c t i o n  Measurements and  R e s u l t s  

A v a l u a b l e  q u a n t i t y  t o  measure c o n c e r n i n g  t h e  e f fec t  of 
c o r r o s i o n ,  f a t i g u e ,  and  s t r e s s  c o r r o s i o n  i s  t h e  change  of  t h e  
i n t e r n a l  f r i c t i o n  of t h e  sample u n d e r  t e s t .  The s y s t e m  shown 
i n  F i g u r e  15 shows a b l o c k  d iagram of  t h e  a p p a r a t u s  used  i n  
o r d e r  t o  o b t a i n  t h e  measurements .  The sample w a s  s u p p o r t e d  
in i t s  g e o m e t r i c a l  c e n t e r  by  two t i g h t l y  s t r e t c h e d  s teel  
w i r e s  . O l r l D ,  s e p a r a t e d  b y  1/411. The s h a p e  of  bars used  i n  
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t h e  t e s t  w e r e  c y l i n d r i c a l  and  had a l e n g t h  of  7 . 2 5  i n c h e s .  
The samples were d r i v e n  e l e c t r o s t a t i c a l l y  a t  one  end s o  
t h a t  t h e y  v i b r a t e d  i n  t h e i r  l o n g i t u d i n a l  mode. With t h e  
g i v e n  s u p p o r t  s y s t e m ,  v i b r a t i o n  o c c u r r e d  a t  t h e  f u n d a m e n t a l  
f r e q u e n c y  of  t h e  bar w i t h  a v i b r a t i o n a l  node a t  i t s  c e n t e r .  
Under t h e s e  c o n d i t i o n s ,  a bar wi th  a l e n g t h  of 7.25 i n c h e s  
h a s  a f u n d a m e n t a l  l o n g i t u d i n a l  v i b r a t i o n  f r e q u e n c y  of 
1 3 , 9 6 0  KHz. I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  sample i s  
e x c i t e d  i n  a vacuum i n  o r d e r  t o  e l i m i n a t e  l o s s  by mechan ica l  
r a d i a t i o n .  The vacuum o b t a i n e d  i s  on t h e  o r d e r  of  
of Hg. 

The means by  which t h e  bar is  d r i v e n  h a s  t h e  p a r t i c u l a r  
a d v a n t a g e  t h a t  t h e r e  i s  n o  p h y s i c a l  c o n t a c t  w i t h  t h e  sample. 
I n  a d d i t i o n ,  t h e r e  i s  no  need t o  a t t a c h  a n y  o t h e r  material  
t o  t h e  sample s u c h  as t h e  bonding  of  m a g n e t i c  material ,  e t c .  
A s  ment ioned  a b o v e ,  t h e  bar is d r i v e n  e l e c t r o s t a t i c a l l y  by  
t h e  d r i v e r  s t a g e  shown i n  t h e  F i g u r e .  T h i s  s t a g e  i s  a 
6BG6 o p e r a t e d  w i t h  a p l a t e  v o l t a g e  of 450 v o l t s .  The p l a t e  
of t h i s  tube is  c o n n e c t e d  t o  a b u t t o n  t y p e  of p r o b e  w i t h  a 
d i a m e t e r  of  0 . 2 5  i n c h .  The sample bar is grounded by  means 
of  t h e  c e n t e r  s u p p o r t .  (See F i g u r e  14.) When t h e  p r o b e  i s  
p l a c e d  n e a r  one end of  t h e  b a r  ( a p p r o x i m a t e l y  0,005 i n c h )  
a n  AC s i g n a l  w i l l  t e n d  t o  v i b r a t e  t h e  bar as a r e s u l t  o f  t h e  
f l u c t u a t i n g  e l e c t r o s t a t i c  f o r c e  p r e s e n t .  The bar w i l l  prefer 
o n l y  t o  v i b r a t e  a t  i t s  fundamen ta l  f r e q u e n c y  or a t  a n  even 
h a r m o n i c ,  

The v i b r a t i o n  of  t h e  bar is d e t e c t e d  i n  a f a s h i o n  s i m i l a r  
t o  t h e  e l e c t r o s t a t i c  d r i v i n g  s y s t e m .  Aga in ,  a s m a l l  b u t t o n  
p r o b e  is  p l a c e d  a p p r o x i m a t e l y  0 . 0 1  i n c h  f r o m  t h e  sample. The 
capacitance between t h e  sample  and t h e  p r o b e  forms par t  of 
a r e s o n a n t  c i r c u i t  i n  a n  o s c i l l a t o r  o p e r a t i n g  a t  a c e n t e r  
f r e q u e n c y  of  10.7 MHz. The o u t p u t  of  t h e  o s c i l l a t o r  is  t h e n  
f e d  i n t o  a s t a n d a r d  10.7 MHz I F  amplif ier  f o l l o w e d  by  a n  FM 
d i s c r i m i n a t o r .  T h e r e f o r e ,  t h e  d i s c r i m i n a t o r  o u t p u t  v o l t a g e  
f o l l o w s  t h e  movement or v i b r a t i o n  a p p e a r i n g  a t  t h e  end of 
t h e  sample bar a t  a f r e q u e n c y  c o r r e s p o n d i n g  t o  i ts  f u n d a m e n t a l  
l o n g i t u d i n a l  mode, 

The d e t e c t o r  o u t p u t  is f e d  i n t o  a n  a u d i o  ampl i f ie r  w i t h  
a g a i n  of 20 d b  and uppe r  f r e q u e n c y  c u t  off of 20 KHz. 



39 

F i g u r e  16. Placement of Sample on Support f o r  t h e  
Measurement of I n t e r n a l  F r i c t i o n .  
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F i g u r e  15 shows t h a t  t h e  s i g n a l  h a s  two p o s s i b l e  p a t h s  a t  t h e  
o u t p u t  of t h e  20 db  a m p l i f i e r .  One p a t h  l e a d s  t o  t h e  s i g n a l  
p r o c e s s i n g  c i r c u i t  w h i l e  t h e  o t h e r  p a t h  l e a d s  a second a u d i o  
a m p l i f i e r .  The second a u d i o  a m p l i f i e r  h a s  a nominal  g a i n  of 
80 db  b u t  i s  equipped  w i t h  an  AGC c i r c u i t .  T h i s  a m p l i f i e r  
d r i v e s  t h e  f i n a l  d r i v e r  s t a g e .  I t  is  n o t e d  a t  t h i s  p o i n t  
f rom t h e  d iagram t h a t  t h e  10.7 MHz o s c i l l a t o r ,  t h e  FM de-  
t e c t o r ,  t h e  a u d i o  a m p l i f i e r s ,  t h e  d r i v e r  s t a g e ,  and t h e  s a m -  
p l e  fo rm a c l o s e d  l o o p  sys t em.  A l s o  i t  s h o u l d  be p o i n t e d  o u t  
t h a t  t h e  g a i n  i n  t h e  sys t em,  assuming no AGC v o l t a g e ,  i s  
100 d b ,  and b e c a u s e  of t h e  p r e s e n c e  of t h e  sample i n  t h e  s y s -  
t e m  t h e  bandwidth i s  v e r y  s m a l l  due t o  t h e  f ac t  t h a t  t h e  bar 
p r e f e r s  t o  r i n g  o r  v i b r a t e  a t  o n l y  one f r e q u e n c y .  Any t y p e  
of t r a n s i e n t  v o l t a g e  o c c u r i n g  i n  t h e  amplifiers such  as 
n o i s e  w i l l  excite t h e  b a r .  The s i g n a l  i s  t h e n  r e c e i v e d  and 
a m p l i f i e d  f u r t h e r  and r e g e n e r a t i o n  o c c u r s .  A s  t h e  r e c e i v e d  
s i g n a l  b u i l d s  i n  a m p l i t u d e  t h e  AGC c i r c u i t  i n  t h e  second 
a u d i o  a m p l i f i e r  c u t s  t h e  sys tem g a i n  s o  t h a t  t h e  o u t p u t  of 
t h e  f i r s t  20 db  a u d i o  a m p l i f i e r  r e m a i n s  l i n e a r .  A t y p i c a l  
v o l t a g e  l e v e l  a t  t h e  o u t p u t  of t h e  d i s c r i m i n a t o r  when a bar 
is r i n g i n g  is  3.0 v o l t s  r . m . s .  The AC d r i v i n g  a t  t h e  d r i v i n g  
p r o b e  is  a p p r o x i m a t e l y  70 v o l t s  r . m . s .  

The s i g n a l  p r o c e s s i n g  c i r c u i t s  d e r i v e  t h e i r  i n p u t s  f rom 
t h e  f i r s t  20 db  a u d i o  a m p l i f i e r  of t h e  c l o s e d  l o o p  sys t em 
d e s c r i b e d  above .  T h i s  s i g n a l  is  f e d  i n t o  a c a t h o d e  f o l l o w e r  
i n t o  c h a n n e l  1 and a l s o  i n t o  a 40 db  a u d i o  amplif ier  i n t o  
channel 2. The AC s i g n a l s  appezrinr; i n  each of t h e s e  c h a n n e l s  
are  r e c t i f i e d  and f i l t e r e d  g i v i n g  DC l e v e l s  dependent  on t h e  
a m p l i t u d e  of t h e  i n p u t  s i g n a l s .  Each c h a n n e l  c o n t a i n s  a 
S c h m i t t  t r i g g e r  which changes  i t s  o u t p u t  v o l t a g e  a b r u p t l y  
when t h e  i n p u t  DC l e v e l  r e a c h e s  a p r e d e t e r m i n e d  v a l u e .  The 
o u t p u t s  of t h e  two S c h m i t t  t r i g g e r s  are t h e n  f e d  i n t o  a g a t -  
i n g  c i r c u i t  which a l l o w s  a 1000 H z  s i g n a l  t o  be f e d  i n t o  a 
c o u n t e r  when t h e  states of t h e  two S c h m i t t  t r i g g e r s  are 
a p p r o p r i a t e ,  

Once  t h e  sample  is r i n g i n g  a t  i t s  fundamen ta l  f r e q u e n c y  
and t h e  o u t p u t  of  t h e  d i s r r i m i n a t o r  h a s  r e a c h e d  a p p r o x i m a t e l y  
3.0 v o l t s  r , m . s . ,  t h e  p l a t e  s u p p l y  v o l t a g e  is  removed from 
t h e  d r i v e r  s t a g e ,  A t  t h i s  p o i n t  t h e  c l o s e d  l o o p  sys t em i s  
opened and t h e  v o l t a g e  g e n e r a t e d  by  t h e  r i n g i n g  of t h e  bar 
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b e g i n  d e c a y i n g  e x p o n e n t i a l l y .  I n  a s i m i l a r  f a s h i o n  t h e  DC 
l e v e l s  f e e d i n g  t h e  S c h m i t t  t r i g g e r s  b e g i n  an  e x p o n e n t i a l  
d e c a y  f o l l o w i n g  t h e  e n v e l o p e  of  t h e  i n p u t  a u d i o  s i g n a l  f r o m  
t h e  bar. A s  t h e  DC l e v e l  f a l l s  t h e  S c h m i t t  t r i g g e r  05 
c h a n n e l  1 c h a n g e s  s t a t e  a l l o w i n g  t h e  1000 H z  o s c i l l a t o r  s i g -  
n a l  t o  be f e d  i n t o  t h e  c o u n t e r .  F u r t h e r  d e c r e a s e  i n  t h e  DC 
l e v e l  a p p e a r i n g  i n  c h a n n e l  2 c a u s e s  t h e  second  S c h m i t t  t r i g -  
g e r  t o  c l o s e  t h e  g a t e .  The v a l u e  a p p e a r i n g  on t h e  c o u n t e r  
i s  t h e r e f o r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t i m e  t h e  g a t e  w a s  
o p e n .  S i n c e  a 1000 H z  o sc i l l a to r  i s  u s e d ,  t h e  t i m e  f o r  t h e  
opened g a t e  c a n  be r e a d  t o  m i l l i s e c o n d s .  

The DC t r i g g e r  p o i n t s  of t h e  S c h m i t t  t r i g g e r s  have  been  
set  s o  t h a t  i t  t a k e s  a 1 O : l  change  i n  v o l t a g e  l e v e l  f o r  t h e  
s u b s e q u e n t  open ing  and  c l o s i n g  of t h e  g a t i n g  c i r c u i t .  There-  
f o r e ,  t h e  s i g n a l  p r o c e s s i n g  sys t em r e a d s  d i r e c t l y  t h e  t i m e  t o  
t h e  n e a r e s t  m i l l i s e c o n d  t h a t  i t  t a k e s  t h e  bar t o  decay  20 
d b .  T h i s  t i m e  i s  r e l a t e d  t o  t h e  "Q" of  t h e  bar by  t h e  f o l -  
l o w i n g  f o r m u l a :  

Q 1.365 f r t  

Where f r  i s  t h e  r i n g i n g  f r e q u e n c y  o f  t h e  bar and  t t h e  t i m e  
f o r  a 20 d b  decay .  The q u a n t i t y  f r  i s  found  by f e e d i n g  t h e  
i n p u t  t o  t h e  s i g n a l  p r o c e s s i n g  sys t em d i r e c t l y  i n t o  t h e  coun-  
t e r .  

The mechan ica l  "Q" of a v i b r a t o r  i s  a measure  of t h e  
ra te  o f  e n e r g y  d i s s i p a t i o n  by  mechan ica l  means w i t h i n  t h e  
sample. These  m e a s u r e m e n t s  are o r d i n a r i l y  r e f e r r e d  t o  as 
i n t e r n a l  f r i c t i o n  measurements ,  a l t h o u g h  p r e v i o u s  s t u d i e s  
i n  t h i s  l a b o r a t o r y  showed t h a t  t h e  r e s u l t a n t  "Q" i s  d e p e n d e n t  
upon s u r f a c e  c o n d i t i o n s .  These  f i n d i n g s  h a v e  been  conf i rmed  
i n  t h e  p r e s e n t  s t u d i e s  i n a s m u c h  as s u r f a c e  d e f e c t s  due  t o  
c o r r o s i o n  w e r e  e a s i l y  measu red .  The i n i t i a l  "Q" of t h e  sample 
s e l e c t e d  c a n  be as much as 500,000 which i n d i c a t e s  an  ex- 
t r e m e l y  s m a l l  l o s s  of e n e r g y  per c y c l e  of e x c i t a t i o n .  The 
f i r s t  s t u d i e s  b y  t h i s  method i n v o l v e d  t h e  measurement of 
"Q" f o r  samples s u b j e c t e d  t o  a c o r r o s i v e  b a t h  as  d e s c r i b e d  
above  f o r  v a r y i n g  p e r i o d s  of t i m e .  The r e s u l t s  of t h e s e  
measurements  are shown i n  F i g u r e  17 which i l l u s t r a t e s  t h e  
d e c r e a s e  i n  "Q" o r  i n c r e a s e  i n  loss  w i t h  t i m e  of  e x p o s u r e .  
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for Var ious  Size Bar. 
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I t  i s  n o t e d  t h a t  t h e  e x p o s u r e  t i m e s  are r e l a t i v e l y  l a r g e  
compared t o  t h o s e  exposure  t imes  used  f o r  s t u d y i n g  s t ress  
c o r r o s i o n  where t h e  sample is a l s o  s u b j e c t e d  t o  t e n s i l e  
f o r c e s .  I n  o r d e r  t o  e s t a b l i s h  t h e  fac t  t h a t  t h e  damage 
due t o  c o r r o s i o n  w a s  n e a r  t h e  s u r f a c e ,  s u c c e s s i v e  amounts 
of t h e  s u r f a c e  w e r e  removed by  t u r n i n g  t h e  sample i n  a 
l a t h e  and t h e  increase i n  "Q" w a s  measured.  The "Qt' as 
a f u n c t i o n  of t h e  amount of s u r f a c e  material removed is  
shown i n  F i g u r e  18. I t  is noted  t h a t  t h e  sample r e t u r n s  
t o  i t s  o r i g i n a l  "Q" af te r  t h e  s u r f a c e  material c o n t a i n i n g  
d e f e c t s  i s  removed. T h i s  method a l l o w s  f o r  a measure of  
t h e  d e p t h  of p e n e t r a t i o n  of  c o r r o s i o n  damage. I t  w a s  
a l s o  n o t e d  v i s u a l l y  t h a t  a l l  ev idence  of damage had been 
reinoved when t h e  "Q" had r e t u r n e d  t o  i t s  i n i t i a l  v a l u e .  

The i n t r o d u c t i o n  of a t e n s i l e  stress a p p l i e d  by a 
l o a d i n g  frame accelerates t h e  damage q u i t e  markedly .  Un- 
f o r t u n a t e l y ,  t h e  a p p l i c a t i o n  of s u f f i c i e n t  t e n s i l e  stress 
c a u s e s  f a i l u r e  i n  a n  e x t r e m e l y  s h o r t  t i m e  i f  t h e  d i r e c t  
e f f ec t s  of c o r r o s i o n  are  t o  be a v o i d e d .  I t  w a s  p o s s i b l e  
t o  p r o d u c e  as much change  i n  "Qtl d u r i n g  a 24 hour  p e r i o d  
w i t h  t h e  i n t r o d u c t i o n  of t e n s i l e  s tresses as w a s  found w i t h  
c o r r o s i o n  a l o n e  ove r  a p e r i o d  of  two weeks.  I f  t h e  t e n s i l e  
f o r c e s  are reduced  t o  d e c r e a s e  t h e  ra te  at which effects  
t a k e  place, t h e  l o s s e s  can  be accoun ted  f o r  by  c o r r o s i o n  
a l o n e .  I t  t h e r e f o r e  i s  d i f f i c u l t  t o  o b t a i n  s u f f i c i e n t  d a t a  
t o  d e t e r m i n e  t h e  p r o g r e s s  of stress c o r r o s i o n  w i t h o u t  t h e  
p r e p a r a t i o n  of a l a r g e  number of  samples. S i n c e  each 
sample  must be c o n t a i n e d  w i t h i n  a l o a d i n g  frame d u r i n g  i t s  
e x p o s u r e ,  t h e  c o l l e c t i o n  of s u f f i c i e n t  data t o  p r o v i d e  a 
s t a t i s t i c a l l y  s i g n i f i c a n t  r e s u l t  i s  t i m e  consuming. Never- 
t h e l e s s ,  t h i s  method shows a l a r g e  change  i n  i n t e r n a l  f r i c -  
t i o n  due  t o  t h e  combined effects  of stress and c o r r o s i o n .  
A t  t h e  p r e s e n t  t i m e ,  i n s u f f i c i e n t  d a t a  i s  a v a i l a b l e  t o  p r o -  
v i d e  q u a n t i t a t i v e  measurement of t h e  e f fec t .  

Samples  s u b j e c t e d  t o  f a t i g u e  w e r e  a l s o  measured i n  t h e  
a p p a r a t u s  which d e t e r m i n e s  mechanica l  'tQ''. An i n i t i a l  
measurement w a s  made af ter  sample p r e p a r a t i o n  and s u b s e q u e n t  
measurements  w e r e  made as a f u n c t i o n  of t h e  t i m e  which t h e  
sample  had been  s u b j e c t e d  t o  c y c l i n g ,  I n  a l l  cases t h e  
mechan ica l  '1Q7' remained r e l a t i v e l y  c o n s t a n t  o v e r  a p p r o x i -  
m a t e l y  75 per c e n t  of sample l i f e  and t h e n  d e c r e a s e s .  The 
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Figure 18. Determination of the Penetration of Corrosion Damage 
as Determined by Internal Friction Measurements Versus 
Removal of Damaged Material. 
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increase  i n  l o s s e s  i n d i c a t e d  t h a t  f a i l u r e  w a s  about  t o  
o c c u r .  I n  some cases a measurement w a s  made a f e w  m i n u t e s  
b e f o r e  f a i l u r e  of t h e  sample and  t h e  f fQf f  w a s  s u f f i c i e n t l y  
low t h a t  i t  w a s  a lmos t  i m p o s s i b l e  t o  excite t h e  sample .  
A summary of t h e  d a t a  i s  p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  
1 9  i l l u s t r a t i n g  t h e  d e c r e a s e  i n  ffQfl as a f u n c t i o n  of t h e  
number of c y c l e s  of a l ternate  stress. 

I t  h a s  been demons t r a t ed  t h a t  t h e  measurement of 
mechanical I fQff  p r o v i d e s  an i n d i c a t i o n  of t h e  d e f e c t s  occur -  
i n g  d u r i n g  e i t h e r  e x p o s u r e  t o  stress c o r r o s i o n  or f a t i g u e .  
The method i t s e l f  i s  l i m i t e d  t o  l a b o r a t o r y  s t u d i e s  f o r  which 
t h e  s i z e  and  s h a p e  of t h e  sample c a n  be s e l e c t e d  t o  be com- 
p a t i b l e  w i t h  measurement a p p a r a t u s .  I t  t h e r e f o r e  c a n  be a 
u s e f u l  t e c h n i q u e  i n  l a b o r a t o r y  s t u d i e s  b u t  is n o t  r e a d i l y  
a d a p t a b l e  t o  a f i e l d  measurement.  

E .  U l t r a s o n i c  A t t e n u a t i o n  Measurements a n d  R e s u l t s  

S i n c e  i t  h a s  been  demons t r a t ed  t h a t  t h e  e f fec ts  of 
stress c o r r o s i o n  and f a t i g u e  occur  n e a r  t h e  s u r f a c e ,  i t  
would be a n t i c i p a t e d  t h a t  measurements of u l t r a s o n i c  a t t e n u -  
a t i o n  f o r  s u r f a c e  waves would be more s e n s i t i v e  t o  t h e  p rog-  
ress o f  damage t h a n  t h e  lower  f r e q u e n c y  measurements r e p o r t e d  
above .  For  t h i s  r e a s o n ,  measurements u s i n g  s u r f a c e  waves 
w e r e  made on a number of samples as a f u n c t i o n  of f r e q u e n c y .  
The i n i t i a l  measurements w e r e  concerned  w i t h  the repeati- 
b i l i t y  of a t t e n u a t i o n  s i n c e  i t  i s  e x t r e m e l y  d i f f i c u l t  t o  
o b t a i n  c o n s i s t a n t  r e s u l t s .  The p r o c e d u r e s  used  i n v o l v e d  
measur ing  t h e  a m p l i t u d e  of t h e  s u r f a c e  wave as a f u n c t i o n  of 
d i s t a n c e  a l o n g  t h e  s u r f a c e .  The p e n e t r a t i o n  of t h e  s u r f a c e  
wave i s  dependent  on wave l e n g t h  and  i t  would b e  expec ted  
t h a t  t h e  h i g h e r  f r e q u e n c i e s  would be more s e n s i t i v e  t o  t h e  
f i r s t  s t a g e s  of damage. U l t r a s o n i c  s u r f a c e  waves are e a s i l y  
g e n e r a t e d  at f r e q u e n c i e s  up  t o  10 megacycles  by t h e  u s e  o f  
l u c i t e  wedges h a v i n g  a n  a n g l e  of i n c i d e n c e  of a p p r o x i m a t e l y  
6 7 O  when t h e  material t o  be i n s p e c t e d  is aluminum. Above 
t h i s  f r e q u e n c y  t h e  a t t e n u a t i o n  i n  l u c i t e  becomes so  g r e a t  
t h a t  i t  is  d i f f i c u l t  t o  g e n e r a t e  a s u f f i c i e n t l y  l a r g e  s u r f a c e  
wave s o  t h a t  it c a n  b e  used  f o r  measurement.  N e v e r t h e l e s s ,  
u s i n g  careful t e c h n i q u e s  i t  w a s  p o s s i b l e  t o  generate and 
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d e t e c t  s u r f a c e  waves up t o  f r e q u e n c i e s  of 35 megacycles .  
T h i s  w a s  accompl ished  by r e d u c i n g  t h e  p a t h  l e n g t h  i n  t h e  
l u c i t e  t o  a p p r o x i m a t e l y  1/4 inch  as i l l u s t r a t e d  i n  F i g u r e  
20. Even af ter  s u c c e s s f u l l y  overcoming problems of g e n e r a -  
t i o n ,  d i f f i c u l t y  w a s  encoun te red  i n  r e p e a t i n g  measurements .  
These  d i f f i c u l t i e s  are due t o  t h e  f a c t  t h a t  t h e  s i g n a l  a m -  
p l i t u d e  is  a marked f u n c t i o n  of t h e  c o u p l i n g  t o  t h e  sample 
as w e l l  as t h e  c l e a n l i n e s s  of  t h e  sample s u r f a c e .  W i t h  
s u f f i c i e n t  care, i t  w a s  found t h a t  t h e  u l t r a s o n i c  a t t e n u a -  
t i o n  w a s  e x t r e m e l y  low up t o  f r e q u e n c i e s  of  35 megacycles  
i n  a newly p r e p a r e d  sample .  I n  o r d e r  t o  make s u c c e s s f u l  
a t t e n u a t i o n  measurements i t  w i l l  be n e c e s s a r y  t o  d e v e l o p  a 
t r a n s d u c e r  which p r o v i d e s  c o n s t a n t  c o u p l i n g  t o  t h e  sample  
s i n c e ,  i n  a l l  cases, i t  w i l l  be n e c e s s a r y  t o  move e i t h e r  t h e  
g e n e r a t o r  or r e c e i v e r  t o  d e t e r m i n e  a t t e n u a t i o n .  

B e f o r e  d e v e l o p i n g  more s u i t a b l e  t r a n s d u c e r s  a series 
of measurements  on v a r i o u s  samples  w a s  made t o  d e t e r m i n e  t h e  
p o s s i b l e  s e n s i t i v i t y  i n  measur ing  damage. Measurements w e r e  
made a t  f r e q u e n c i e s  of 1, 3 ,  5 and 7 megacycles  w i t h  d e p t h s  
of p e n e t r a t i o n  c o r r e s p o n d i n g  t o  t h o s e  r e v e a l e d  by i n t e r n a l  
f r i c t i o n  measurements .  For samples  t h a t  are p r e p a r e d  t h e  
a t t e n u a t i o n  ove r  t h i s  f r e q u e n c y  r a n g e  i s  e s s e n t i a l l y  con- 
s t a n t .  As t h e  samples are s u b j e c t e d  t o  d i f f e r e n t  forms  of 
f a t i g u e ,  c o r r o s i o n  or stress c o r r o s i o n ,  t h e  a t t e n u a t i o n  a t  
t h e  h i g h e r  f r e q u e n c i e s  increases and t h e  f r e q u e n c y  a t  which 
a d d i t i o n a l  a t t e n u a t i o n  o c c u r s  c o n t i n u e s  t o  d e c r e a s e  i n d i c a t -  
i n g  t h a t  t h e  e f fec ts  are o c c u r i n g  a t  g r e a t e r  d e p t h s  f rom t h e  
s u r f a c e .  The measurements which have  been made are s u b j e c t  
t o  c o n s i d e r a b l e  v a r i a b i l i t y  due t o  t h e  problem of c o u p l i n g  
t h e  t r a n s d u c e r  t o  t h e  s u r f a c e .  For t h i s  r e a s o n  t h e  measure- 
m e n t s  shown i n  t h e  graph  of F i g u r e  21 are an  a v e r a g e  of a 
l a r g e  number of measurements  and are n o t  i n d i c a t i v e  of t h e  
a c c u r a c y  t h a t  h a s  been o b t a i n e d .  They do show t h a t  i f  a c c u -  
ra te  measurement methods are deve loped ,  t h e  a t t e n u a t i o n  s h o u l d  
show a r e l a t i o n s h i p  w i t h  t h e  damage caused  and f u r t h e r  p r o v i d e  
a measure  of t h e  p e n e t r a t i o n  of t h e  damage b e n e a t h  t h e  s u r f a c e  
of t h e  material .  I t  would be expec ted  t h a t  t h i s  p e n e t r a t i o n  
would c o r r e s p o n d  t o  t h e  growth of t h e  damage t h a t  i s  o c c u r r i n g .  
Recen t  development  of s u r f a c e  wave t r a n s d u c e r s  u s i n g  a k n i f e  
edge  t o  c o n t a c t  t h e  s u r f a c e  as d e s c r i b e d  unde r  t h e  stress 
a n a l y s i s  s e c t i o n  of t h i s  r e p o r t  s h o u l d  l e a d  t o  i n c r e a s e d  
a c c u r a c y  of measurement of s u r f a c e  damage. 
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F. E l e c t r o m a g n e t i c  R e s i s t i v i t y  Measurements and R e s u l t s  

Measurement methods are a v a i l a b l e  which are comparable  
t o  t h e  u l t r a s o n i c  methods o u t l i n e d  above  b u t  where t h e  elec- 
t r i c a l  l o s s e s  are examined r a t h e r  t h a n  mechan ica l  l o s s e s .  
The i n t e r n a l  f r i c t i o n  measurements d e s c r i b e d  above n o t  o n l y  
measure  l o s s e s  n e a r  t h e  s u r f a c e  b u t  measure  a l l  of t h o s e  
l o s s e s  i n  t h e  b u l k  of  a sample. Comparable e l e c t r i c a l  
measurements  may be made on a sample by t h e  u s e  of eddy c u r -  
r e n t  t e c h n i q u e s  which have  been used e x t e n s i v e l y  i n  f l a w  de -  
t e c t i o n .  The eddy c u r r e n t  t e c h n i q u e  i n v o l v e s  e x c i t a t i o n  of 
t h e  sample  a t  low f r e q u e n c i e s  w h e r e  t h e  e lec t r ica l  c u r r e n t s  
are caused  t o  f l o w  t h r o u g h o u t  t h e  b u l k  of t h e  material. The 
e n e r g y  i s  coup led  t o  t h e  sample  i n d u c t i v e l y  by t h e  u s e  of 
c o i l s  and i m p e r f e c t i o n s  are d e t e c t e d  by t h e  u s e  of symmet r i ca l  
c o i l s  which are i n i t i a l l y  ba l anced  f o r  a un i fo rm sample .  If 
s u f f i c i e n t  care i s  u s e d ,  a l a r g e  amount of g a i n  may be  e m -  
p l o y e d  which r e s u l t s  i n  a s i g n a l  when a n  imba lance  i s  caused  
by t h e  i n t r o d u c t i o n  of a f l a w .  Damage caused  i n  a sample by 
e i t h e r  f a t i g u e  o r  stress c o r r o s i o n  i n t r o d u c e s  m i c r o s c o p i c  
f l a w s  which u s u a l l y  o c c u r  n e a r  t h e  s u r f a c e .  If a s u f f i c i e n t l y  
s e n s i t i v e  sys t em i s  used  t h e  sample i m p e r f e c t i o n s  may be 
d e t e c t e d .  Such t e c h n i q u e s  have  been used w i t h  e x c i t a t i o n  
f r e q u e n c i e s  up t o  a f e w  megacycles  per second where t h e  eddy 
c u r r e n t s  p e n e t r a t e  most of t h e  t h i c k n e s s  of t h e  sample. Under 
t h e s e  c o n d i t i o n s  t h e  methods must d e t e c t  t h e  presence of 
sample cracks which are superimposed on t h e  l o s s e s  a l r e a d y  
c a u s e d  by t h e  b u l k  of t h e  material .  I n  o t h e r  words ,  t h e  
s e n s i t i v i t y  on d e t e c t i n g  m i c r o c r a c k s  n e a r  t h e  s u r f a c e  is  
l i m i t e d  due  t o  t h e  presence of  l o s s e s  d i s t r i b u t e d  t h r o u g h o u t  
t h e  sample  due  t o  t h e  i n h e r e n t  r e s i s t i v i t y  of t h e  sample. 
Othe r  f a c t o r s  which d e c r e a s e  t h e  s e n s i t i v i t y  of t h e  sys tem 
are  i m p e r f e c t i o n s  i n  sample  geometry such  as s l i g h t  changes  
i n  c r o s s  s e c t i o n a l  area which are a l s o  d e t e c t e d ,  

I t  i s  d e s i r a b l e  t o  increase t h e  s e n s i t i v i t y  of  t h e  
d e t e c t i o n  of s u r f a c e  c r a c k s  w i t h o u t  a l s o  measur ing  t h e  b u l k  
p r o p e r t i e s  of t h e  material. For t h i s  p u r p o s e  i t  is d e s i r a b l e  
t o  t a k e  a d v a n t a g e  of h i g h  f r e q u e n c i e s  where t h e  e l ec t romag-  
n e t i c  e n e r g y  p r o p a g a t e s  n e a r  t h e  s u r f a c e  and t h e  p e n e t r a t i o n  
can  b e  c o n t r o l l e d ,  T h i s  effect  is r e f e r r e d  t o  as t h e  s k i n  

e 



51 

ef fec t  which r e s u l t s  f rom e l e c t r o m a g n e t i c  f o r c e s  i n  t h e  
c o n d u c t o r .  An experimental s e t - u p  w a s  d e s i g n e d  t o  u s e  
t h o s e  samples  which w e r e  a l s o  s u i t a b l e  f o r  measurement by 
t h e  mechan ica l  and t h e  u l t r a s o n i c  methods w h i c h  r e q u i r e  
sample l e n g t h s  of a p p r o x i m a t e l y  7 i n c h e s .  If t h e  sample 
i s  used  under  c o n d i t i o n s  of e l e c t r o m a g n e t i c  r e s o n a n c e ,  t h e  
l e n g t h  of t h e  sample shou ld  co r re spond  t o  one -ha l f  of a n  
e lec t r ica l  wave l e n g t h .  T h i s  c o r r e s p o n d s  t o  a f r e q u e n c y  of 
measurement of a p p r o x i m a t e l y  one k i l o m e g a c y c l e  f o r  a 7 i n c h  
sample. The d e p t h  of p e n e t r a t i o n  a t  t h i s  f r e q u e n c y  c o r r e s -  
ponds t o  1.1 x i n c h e s  i n  aluminum. The measurements 
are accompl ished  w i t h  a sys t em shown i n  t h e  d i ag ram of 
F i g u r e  22. The basic o s c i l l a t o r  which p r o v i d e s  e x c i t a t i o n  
of t h e  sample  w a s  a simple, commerc ia l ly  a v a i l a b l e  power 
o s c i l l a t o r  which w a s  modi f ied  t o  i n c o r p o r a t e  methods f o r  
a u t o m a t i c a l l y  sweeping th rough  a s m a l l  f r e q u e n c y  r a n g e  as 
w e l l  as a manual method of pe r fo rming  similar s m a l l  changes  
i n  f r e q u e n c y .  P r o v i s i o n s  w e r e  f u r t h e r  made t o  d i s p l a y  t h e  
sweeping  v o l t a g e  i n  synchronism w i t h  t h e  change  i n  f r e q u e n c y  
of t h e  o s c i l l a t o r .  S m a l l  changes  i n  o s c i l l a t o r  f r e q u e n c y  
w e r e  p roduced  by i n c o r p o r a t i n g  a v a r a c t o r  d i o d e  t y p e  AEL- 
C02400IF i n  t h e  basic o s c i l l a t o r  c i r c u i t .  The v o l t a g e  
a p p l i e d  t o  t h e  d i o d e  w a s  deve loped  by a s i m p l e  t r a n s i s t o r -  
i z e d  s a w  t o o t h  g e n e r a t o r .  The o u t p u t  of t h e  o s c i l l a t o r  i s  
s u i t a b l y  i s o l a t e d  f rom t h e  l o a d  and i s  coup led  l o o s e l y  
t h r o u g h  a p r o b e  t o  t h e  r e s o n a n t  s p e c i m e n  i n c o r p o r a t e d  i n  a 
s h i e l d i n g  c a v i t y  as i l l u s t r a t e d  i n  F i g u r e  23. The sample 
was c a r e f u l l y  p l a c e d  s o  t h a t  a maximumisola t ion  w a s  o b t a i n e d  
and t h e  e lec t r ica l  c o n d i t i o n s  shown i n  t h e  F i g u r e  w e r e  
accompl i shed .  The l o s s e s  due t o  r a d i a t i o n  were minimized 
by p l a c i n g  t h e  e n d s  one f o u r t h  wave l e n g t h  f rom t h e  open e n d s  
of t h e  s h i e l d  t u b i n g .  

An o u t p u t  p r o b e  w a s  a l s o  l o o s e l y  c o u p l e d  t o  t h e  oppo- 
s i t e  end .of  t h e  sample. The s i g n a l  s t r e n g t h  w a s  d e t e c t e d  
w i t h  a h e t e r o d y n e  sys t em which produced  a 30 megacycle  nomi- 
n a l  f r e q u e n c y  f o r  a m p l i f i c a t i o n  by a n  i n t e r m e d i a t e  f r e q u e n c y  
amplifier.  The commercial  amplifier w a s  t uned  i n  a manner 
which p r o v i d e d  a b r o a d ,  c o n s t a n t  a m p l i t u d e  v e r s u s  f r e q u e n c y  
r e s p o n s e  over  t h e  f r e q u e n c y  r ange  of i n t e r e s t .  I n  o p e r a t i o n  
t h e  r e s o n a n t  c h a r a c t e r i s t i c  cou ld  be d i s p l a y e d  a u t o m a t i c a l l y  
o r  t h e  manual f r e q u e n c y  c o n t r o l  c o u l d  be v a r i e d  t o  p r o v i d e  
q u a n t i t a t i v e  measurements of t h e  bandwidth  of  t h e  r e s o n a t o r  
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c o m p r i s e d  of t h e  sample. For c a l i b r a t i o n  p u r p o s e s  a c r y s t a l  
c o n t r o l l e d  marker  g e n e r a t o r  w a s  used t o  a l l o w  f o r  t h e ' d e t e r -  
m i n a t i o n  of t h e  r e l a t i o n s h i p  b e t w e e n  change  i n  f r e q u e n c y  and  
h o r i z o n t a l  d e f l e c t i o n  of t h e  o s c i l l o s c o p e .  

Each sample t h a t  w a s  s e l e c t e d  f o r  s t u d y  w a s  f i r s t  
measured  t o  d e t e r m i n e  t h e  bandwidth of  t h e  r e s o n a n t  spec imen 
which is a measure  of  t h e  l o s s e s  n e a r  t h e  s u r f a c e  of t h e  
spec imen .  The sample w a s  t h e n  s u b j e c t e d  t o  e i t h e r  c o r r o s i o n  
o r  f a t i g u e  and w a s  a g a i n  measured t o  d e t e r m i n e  a n y  i n c r e a s e  
i n  bandwid th  which would c o r r e s p o n d  t o  a n  i n c r e a s e  i n  loss .  

A number of samples w e r e  p r e p a r e d  f r o m  a v a r i e t y  o f  
aluminum a l l o y s  i n  t h e  manner p r e v i o u s l y  d e s c r i b e d .  The 
e l e c t r i c a l  l o s s  a t  t h e  s u r f a c e  of t h e s e  samples w a s  measured 
p e r i o d i c a l l y  as t h e y  w e r e  exposed t o  t h e  s a l t  w a t e r  e n v i r o n -  
ment .  T h i s  l o s s  as a f u n c t i o n  of t i m e  of  e x p o s u r e  f o r  a 
t y p i c a l  sample is  p r e s e n t e d  as F i g u r e  24. 

A s i m i l a r l y  p r e p a r e d  g r o u p  of samples w a s  s u b j e c t e d  t o  
t h e  p r e v i o u s l y  d e s c r i b e d  t o r s i o n a l  f a t i g u i n g  p r o c e s s  and  t h e  
change  of  s u r f a c e  e l ec t r i ca l  l o s s  mon i to red  a t  h o u r l y  i n t e r v a l s  
t h r o u g h o u t  t h e  t es t .  The compos i t e  r e s u l t s  02 t h i s  e x p e r i m e n t  
i s  p r e s e n t e d  as a p l o t  of l o s s  v e r s u s  c y c l i n g  t i m e  as F i g u r e  
25. 

I n  t h e  case o f  t h e  c o r r o s i o n  t e s t ,  t h e  c o r r o s i o n  w a s  
more or l e s s  u n i f o r m  o v e r  t h e  s u r f a c e  of t h e  bar and  t h e  elec- 
t r ical  measu r ing  t e c h n i q u e  whereby t h e  s u r f a c e  r e s i s t i v i t y  w a s  
measured f o r  l a r g e  areas of t h e  sample w a s  q u i t e  e f f e c t i v e .  
I n  t h e  case of  t h e  f a t i g u e  measurements  t h e  f a t i g u e  damage 
t e n d e d  t o  be l o c a l i z e d  whereas  t h e  m e a s u r i n g  t e c h n i q u e  s t i l l  
mon i to red  r e l a t i v e l y  l a r g e  l e n g t h s  of t h e  sample. For t h i s  
r e a s o n ,  t h e  i n c r e a s e  of s u r f a c e  r e s i s t i v i t y  w i t h  t h e  o n s e t  
o f  m e c h a n i c a l  f a t i g u e  damage i s  n o t  n e a r l y  s o  a p p a r e n t .  

A s  h a s  been  s t a t e d  b e f o r e ,  t h e  d e p t h  t o  which t h e  
e lec t r ica l  r e s i s t a n c e  i s  measured may be c o n t r o l l e d  by  choos-  
i n g  t h e  f r e q u e n c y  of measurement.  I n  a n  e f f o r t  t o  l o c a l i z e  
t h e  measurement a x i a l l y  a l o n g  t h e  sample a t e s t  f i x t u r e  w a s  
made c o m p r i s i n g  a set  of v e r y  s m a l l ,  c a r e f u l l y  b a l a n c e d  c o i l s  
which induced  v e r y  l o c a l i z e d  eddy c u r r e n t s  i n t o  t h e  sample. 
With t h i s  a r r a n g e m e n t ,  f a t i g u e  damage c o u l d  r e a d i l y  be ob- 
s e r v e d  inasmuch as t h e  measurement w a s  c o n f i n e d  t o  a v e r y  
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s m a l l  p e r c e n t a g e  of t h e  t o t a l  l e n g t h  of t h e  sample. These  
measurements  were made a t  f r e q u e n c i e s  g e n e r a l l y  be low one  
megacyc le  per second .  An e x t e n s i o n  of t h i s  t e c h n i q u e  t o  
h i g h e r  f r e q u e n c i e s  w i l l  make p o s s i b l e  t h e  l o c a l i z a t i o n  of 
measurement  n o t  o n l y  a x i a l l y  a l o n g  t h e  sample b u t  a l s o  t o  
v e r y  s m a l l  and  c o n t r o l l e d  d e p t h s .  



58 

V. SUMMARY 

S e v e r a l  methods of measuring stress d i s t r i b u t i o n s  i n  
aluminum samples have  been accompl ished  under  l a b o r a t o r y  
c o n d i t i o n s .  U n i a x i a l  stresses a r e  a c c u r a t e l y  measured i n  
spec i f ic  samples, however,  t h e  t y p e  of a l l o y  a f fec ts  t h e  
s e n s i t i v i t y  of m e a s u r e r e n t .  Stresses n e a r  t h e  s u r f a c e  of 
t h e  material due  t o  bend ing  moments o r  due  t o  u n i a x i a l  
f o r c e s  have  been measured and t h e  g r a d i e n t  of stress h a s  
a l s o  b e e n  measured b y  v a r y i n g  t h e  p e n e t r a t i o n  of u l t r a s o n i c  
s u r f a c e  waves.  Requi rements  f o r  measurement of r e s i d u a l  
s u r f a c e  stresses have  been e s t a b l i s h e d  and p r e l i m i n a r y  de-  
s i g n s  f o r  t r a n s d u c i n g  sys t ems  which w i l l  a l l o w  f o r  t h e s e  
measurements  have  been  comple ted .  

I n  o r d e r  t o  p e r f o r m  a c c u r a t e  f i e l d  measurements  of 
stress i t  i s  n e c e s s a r y  t o  e s t ab l i sh  r e p e a t a b l e  methods 
of c o u p l i n g  s h e a r  wave t r a n s d u c e r s  t o  a c t u a l  s t r u c t u r e s .  
S e v e r a l  c o u p l a n t s  have  b e e n  s t u d i e d  which show p romise  of 
y i e l d i n g  s a t i s f a c t o r y  r e s u l t s .  For s u r f a c e  wave a n d  stress 
g r a d i e n t  measurements  i t  i s  n e c e s s a r y  t o  p r o v i d e  t r a n s -  
d u c e r s  where t h e  p a t h  l e n g t h  f o r  t h e  s u r f a c e  wave i s  a c c u r a t e l y  
d e f i n e d .  The k n i f e  edge  t r a n s d u c e r  p r o d u c e s  a good s u r f a c e  
wave w i t h  a c c u r a t e  c o n t r o l  of p a t h  l e n g t h .  The f r e q u e n c y  02 
t h e  u l t r a s o n i c  wave must be c o n t r o l l e d  by u s i n g  a c o n t i n u o u s  
wave o s c i l l a t o r  which is  p a s s e d  th rough  a g a t e d  a m p l i f i e r  
s i n c e  p ~ 1 s i r . g  of t h e  u l t r a s m i c  s i g n a l  i s  r e q u i r e d .  

Measurements of change i n  u l t r a s o n i c  a t t e n u a t i o n  of 
s u r f a c e  waves and of e l ec t r i ca l  r e s i s t i v i t y  have  been shown 
t o  be i n f l u e n c e d  by t h e  s t a t e  of damage n e a r  t h e  s u r f a c e  of 
s amples  which have  been  s u b j e c t e d  t o  e i t h e r  stress c o r r o s i o n  
or f a t i g u e .  Requi rements  f o r  a c c u r a t e  measurements  which 
would a l l o w  f o r  i n s p e c t i o n  c r i t e r i a  have  been  e s t a b l i s h e d .  
C o n s i d e r a b l e  d a t a  must be t a k e n  t o  e s t a b l i s h  a c o r r e l a t i o n  
b e t w e e n  t h e  measured phenomena and t h e  s t a t e  of damage be- 
f o r e  s u c c e s s f u l  a p p l i c a t i o n  of t h e s e  methods is p o s s i b l e .  


